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ABSTRACT 
Three phase harmonic penetration software is developed and tested 
using measured results from the New Zealand power system. 
The unbalanced nature of the impedances. currents and voltages 
usually present in a power system is illustrated. The versatility of 
the algorithm to provide accurate information for studies of convertor 
interaction and single phase traction supplies is clearly indicated. 
Practical problems encountered in harmonic modelling are discussed, 
particularly the adequacy of available component data and the validity of 
models using this data. 
Harmonic spillover interference- to load management equipment 
operating above fundamental power frequencies is of practical significance. 
and the levels of such interference fot a proposed frequency change are 
investigated: 
A commitment to three phase modelling must be justified, and 
situations are determined where simpler single phase modelling is acceptable. 
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CHAPTER 1 
INTRODUCTION. 
Problems associated with the propagation of harmonic currents in 
electric power systems are extensive, affecting both the economics of 
operation and security of supply. The cost of interference with load 
management equipment and telephone circuits is large, and the solutions 
expensive. Also, the failure of power system components and the 
maloperation of equipment as a result of high levels of harmonic 
voltages and currents causes less secure system operating conditions. 
These wide repercussions, coupled with increasing levels of harmonics, 
have prompted interest in analysis of the penetration of harmonics in 
power systems. 
An understanding of harmonic penetration requires the coordinated 
development of both measurement and digital computer simulation techniques. 
This thesis discusses the simulation aspect, combining the techniques 
used in fundamental frequency three phase power flow and single phase 
harmonic modellin~ to develop three phase harmonic penetration software. 
The use of unbalanced analysis in three phase systems leads to more 
accurate simulation of the propagation of harmonics. 
In Chapter 2 some fundamental concepts of harmonic analysis in 
power systems are discussed and the limitations of present modelling 
techniques are illustrated using comparisons with measured data. Often 
measurement is not practical at harmonic frequencies,and simulation is 
presented as a complementary tool to measurement techniques in this 
situation. 
Chapter 3 discusses the development of harmonic modelling leading 
to the present work in three phases. Requirements for harmonic software 
are stated, and the need for a different approach to that used in single 
phase modelling is indicated. The purpose of the individual programs is 
explained and the development of the penetration program, HARMAC, is 
described. Admittance matrix techniques are utilized and the inclusion 
of sjstem elements into these matrices using phase components is detailed. 
Chapter 4 includes the three phase harmonic frequency modelling 
of shunt capacitors, filters, generators, loads and transformers. The 
wide range of models available is presented together with the evidence 
for the validity of each representation. 
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Chapter 5 details the modelling of three phase transmission lines 
including skin effect. The ability of the three phase model to match 
known unbalanced conditions is confirmed and the effect on system 
harmonic levels of convertor transformer connection is investigated. 
In Chapter 6 a small test system is progressively developed to 
assist in the understanding of harmonic penetration, without the 
complications of a large interconnected grid. The damping and resonant 
effects of the transformers, generators and loads are discussed. The 
connection of unbalanced harmonic loads is simulated showing the ability 
of three phase techniques to accurately model such situations. 
Chapter 7 utilises test results to confirm modelling techniques 
on a large power system. The sensitivity of system voltages to 
variations in individual component impedances is used to determine the 
adequacy of present data. Single phase and three phase analysis 
techniques are also compared and a number of different cases are tested 
to i 11 ustrate the versatility of the software. 
Chapter 8 studies the problem of ripple control spillover, where 
load management signals from a distribution authority penetrate, via the 
transmission system, to other distribution authorities. If the ripple 
relays are sensitive to these signals then unscheduled load switching 
can occur. The differences between single phase and three phase modelling 
techniques are illustrated on the complete system of the South Island 
of New Zealand. 
Finally in Chapter 9 the main conclusions to this thesis are 
discussed along with directions for further endeavour. 
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CHAPTER 2 
REVIEW OF POWER SYSTEM HARMONICS 
2.1 BASIC CONCEPTS 
A number of terms are commonly referred to in the field of power 
system harmonics. A harmonic is defined as a sinusoid whose frequency 
is an integral multiple of the actual system frequency. The order of a 
harmonic is the ratio of the harmonic frequency to the fundamental 
frequency. Harmonic analysis is described as the process of measuring 
or calculating the. magnitude and phase of the harmonic components 
contained in a waveform. The full set of harmonics present forms a Fourier 
series which, when summated, replicates the original waveform. 
When a non-sinusoidal waveform is viewed on an oscilloscope its 
shape is observed in the time domain. That is, for any given instant in 
time, the amplitude of the waveform ;s displayed. Time is normally drawn 
on the horizontal axis with increasing time to the right. This waveform 
can also be described in the frequency domain. If the basic repetition 
frequency of a square wave was say 50 Hz, and it was applied to a hi-fi 
amplifier, then the ear would hear the resultant sound as a mixture of 
many frequencies. That is, it would sound like a full musical chord. The 
waveform may therefore be described by its time domain data or its frequency 
domain data. The transfer from the time domain to the frequency domain is 
accomplished by a Fourier transformation. 
The function of a power system is to provide consumers with a 
purely sinusoidal voltage supply of constant amplitude and frequency. The 
presence of harmonics causes the character of the supply to deviate from 
this ideal by introducing distortion into the wave shape. 
Power system harmonics are not new phenomena. As a form of 
power system pollution harmonics have been present since the inception of 
alternating current systems, generated by components such as transformers. 
The non-linearity of transformer magnetic circuits results in a non-
sinusoidal magnetising current being drawn from the system .. This current 
distortion consists principally of harmonics below the 10th harmonic. 
Transformer non-linearity is not treated in this thesis. It is however 
becoming more important because the increasing flux densities used in modern 
transformers increase the likelihood of transformer saturation and hence 
harmonic production (Lopez et al 1977). 
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The major contribution to system harmonic content comes from the 
various non-linear loads connected to the transmission networ~ of which 
the most important are the various forms of static power convertor. 
Harmonics are introduced into the power system by these devices due to 
the non-linear frequency relationship between voltage and current. The 
proliferation of non-linear HVDC plant and domestic appliances (Blommaent 
et al 1977, Carroll et al 1977~ Evers 1980 and Orr et al 1982) is on the 
increase, and will lead to increased harmonic levels. 
The alternating current waveform associated with an HVDC convertor 
may be considered to be the smooth direct current distributed between the 
three phases of the AC system in the form of rectangular blocks. In turn, 
this rectangular wave shape can be considered as being composed of a 
fundamental sinusoid and harmonic components. Only the fundamental is of 
prime interest in the transfer of power between the AC and DC systems. 
The harmonics are generally an unwanted product of the conversion process. 
The study of harmonic currents and voltages propagating in the AC 
power system, is termed harmonic penetration. This thesis is concerned 
with harmonic penetration in the transmission system,which includes 
modelling from the harmonic sources through the transmission lines to the 
generators and load centers. 
2.2 HARt40N I C POWER FLOWS 
To analyse harmonic power flows, the system equivalent circuit as 
depicted in Figure 2.1 has been used by Tschappu (1981). The generator G 
constitutes a fundamental sinusoidal voltage source and it supplies a 
resistive load controlled with a static convertor via the system impedance 
Zs. 
Figure 2.2 illustrates the equivalent circuit diagram for the 
fundamental frequency. The generator supplies, via the point of common 
coupling (PCC), the fundamental power PgI, which flows to a large extent 
as Pl1~ to the. load and to a lesser extent, as Pel to the convertor. 
This portion is transform(;!d into harmonic power .. In addition to this, 
the system losses PsI in the resistance Rs of the system impedance are 
supplied. 
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Psh + Pgh 
PSI ~ 
I--{!T-----I [>IL1-----1 
PR~ 
G R 
pee 
FIGU 2.1: Schematic of Power Flow in the AC System 
PSI 
r-------1 Rs + J X S 1--4B-----i [>ILr----; 
G 
pee 
GURE 2.2: Schemati c of Fundamental Freguen'cy Power Flow 
Ih 
I 
r-----;Rs + J X S cE- 1-----. 
,~~ <llI7Z~ R, 
Pgh : 
I 
I 
I 
I 
I 
pee 
FIGURE 2.3: Schematic of Harmonic Power Flow 
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In Figure 2~3 the equivalent circuit diagram for the harmonic 
power flow is depicted. Since the generator voltage is sinusoidal it can 
only supply fundamental power and it is included in this diagram as a 
harmonic impedance. The convertor appears in place of the generator as 
an impressed harmonic current source. A small portion of the fundamental 
power Pc1, transformed into harmonic power~ is fed as Psh and Pgh back to 
the resistance of the system ~nd the generator, and the large portion, 
P~h, to the load. Since Rs and Rt are connected in series, the ratio of 
P~h/(Psh + Pgh) can also be expressed as R~/(Rs + Rg). In practice, . 
~/(Rs + Rg) is very large, and for this reason, the portion of harmonic 
power propagating in the AC system remains small even when the current is 
badly distorted. 
The total losses in the system impedance are composed of the 
fundamental power PsI, supplied from the generator, and the harmonic power 
of the convertor, Psh + Pgh. The harmonic loss in the system incurred on. 
the generator side of the point of common coupling, is debited to the 
supply authority. This loss in the system is larger by the ratio 
(Psh + Pgh)/Ps1 than with linear loading. 
2.3 HARMONIC EFFECTS ON POWER SYSTEM PLANT 
Whether or not the harmonic power.is considered as useful or unwanted, 
is dependent upon the type of load. If the harmonic power serves to 
produce heat in a heating load, then it constitutes useful energy. However, 
when converting electrical power into mechanical \'JOrk, e.g. when using an 
induction motor, the harmonic power gives rise to additional heating in 
the stator and rotor windings. The efficiency of the motor is thereby 
reduced. In this case, the harmonic content of the supplied power is 
considered to be detrimental. 
Other effects on power system equipment of a distorted supply are 
also documented .. They include telephone interference where liries run 
"in close proximity to power transmission. lines (Kl·ewe 1958), protection 
maloperation '(IEEE Working Group 1981), metering inaccuracies (Baggott 
1974), losses (Klingshirn and Jordan 1968), capacitor failure (Gates 1979), 
ripple control spillover (Ross 1972) and unstable operation of static 
convertors (Yacamini and de Oliveira 1980a). 
More general material can be found in Kendall and Johnson 1977, 
Arri 11 aga 1981 and Owen et a 1 1980. It is not the purpose of thi s thes i s 
to discuss this work in any detail. 
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2.4 HARMONIC MODELLING 
2.4.1 Introduction 
There are a number of areas where harmonic modelling can be 
usefully employed. The major assumptions in each area, the limitations 
and the extent to which more investigations are required, will be 
discussed. 
2.4.2 Balanced Harmonic Penetration 
Figure 2.4 illustrates two sets of balanced harmonic currents, 
I1h and I2h , of order h. injected into any busbar of an AC system. A 
large power system is likely to have a number of such injections. The 
resultant system harmonic voltages are calculated by direct solution of 
the linear equation: 
= 
BALANCED 
AC 
SYSTEM 
FIGURE 2.4: Balanced Current Injection into a Balanced AC System 
An assumption generally made is that the AC system is balanced 
(2.1) 
and can therefore be modelled by the positive sequence component impedances 
(~1cGranaghan et al 1981 and Breuer et al 1982). The validity of this 
assumption will be examined in Chapters 7 and 8. 
One limitation of this algorithm inherent in all modelling to a 
lesser or greater extent is the accuracy of the data. The adequacy of 
presently available data needs to be determined. 
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The above algorithm models the steady state behaviour of a power 
system. Unfortunately the harmonic behaviour of a physical system 
changes as loads, generators and line configuration alter. It is difficult 
"'lith a steady state model to obtain more than a few "snap shots" of a 
continuously varying system. 
A power system is three phase and will have imbalance between 
phases due to transmission line conductor assymetry and load imbalance. 
By modelling these irrbalances, illustrated in Figure 2.5, more accurate 
simulations will be possible. In such a system the current injections, 
Ilh-I3h and I4h-I6h, can be unbalanced in magnitude and phase angle. In 
a similar manner to the balanced system the current injections for each 
frequency are presumed constant and known and the linear equation (2.1) 
is solved directly to obtain the three phase harmonic voltages. 
Investigating three phase harmonic penetration forms the bulk of the 
work in this thesis. 
UNBALANCED 
AC 
SYSTEM 
"""",,1!III!IJ--11h 
.... I--I2h 
"..,-.-.................. ~ ...... --13h 
FIGURE 2.5: Unbalanced Current Injection into an Unbalanced AC System 
2.4.3 System Impedances for Filter Design 
AC harmonic filters play an important role in limiting harmonic 
levels on the AC system to acceptable values. Whil~ the cost of filters 
represents a minor part, 10-15%, of a DC terminal, requirements for DC 
system performance and compatibility with the AC system are dependent on 
sound AC filter design (Breuer 1983). 
9 
To achieve adequate performance levels requires information on 
characteristic and non-characteristic harmonic generation of the convertor, 
harmonic impedances of the AC system, frequency swings, voltage swings 
and VAR requirements of the AC system (Lacoste et al 1979). This then 
allows the selection of a harmonic filter configuration, (Steeper and 
Stratford 1976, Pileggi and Emanuel 1982 and Szabados 1982). 
In steady state operation, harmonic currents are determined by 
the convertor configuration and by the system parameters. Characteristic 
harmonics are produced by an ideal convertor (i.e. for a 12 pulse 
convertor these will be 12k +/- 1, where k is a positive integer). 
The Fourier series for the normalized current waveform of an ideal 
12 pulse convertor is~ 
4 13 [ 1 1 ] 
-n- cos (wt) - IT cos (llwt) + 13 cos (13wt) + .... 
The harmonic magnitudes are equal to that of the fundamental current 
divided by the harmonic order (Arrillaga 1983), 
(2.2) 
All other harmonics are termed noncharacteristic and are produced 
by AC system voltage magnitude and phase imbalance, convertor transformer 
reactance di fferences and control fi r"j ng angl e assymmetry. The i njecti on 
of harmonic currents into the AC system results in harmonic voltages 
which are a function of the AC system harmonic impedance and harmonic 
current flow throughout the AC network. 
To mitigate the harmonic current flow into the network, filters 
are applied on the convertor bus as shown in the single line diagram of 
Figure 2.6. The model representation of Figure 2.6 shows the harmonic 
current flow into the combination of filter, Zf' in parallel with the 
system including generation and loads, Zs' which permits calculation of 
individual harmonic voltages, Vh . 
CONVERTOR 
CURRENT 
SOURCE 
PCC Vh 
FIGURE 2.6: F'lt C . 1 ers onnected to a COnv9rtnr Busbar 
Zs 
10 
Accurate system impedances are required because of the possibility 
of resonance between the filters and system impedances, and the need to 
meet both voltage and current specifications at the point of common 
coupling. 
Initial design of filters for HVDC applications proved to be 
unsatisfactory (Gunn 1966, Jarrett and Csuros 1966,and Huddart and Brewer 1966), 
a major reason being poor system impedance representation at harmonic 
frequencies. Subsequent design concepts became conservative because of 
these experiences and the inability to match measured with simulated 
system impedances (Laurent et al 1962 and Melvold 1972). After successful 
filter installations (Vithayathil 1973), attention has focussed on more 
appropriate filters by utilising better system impedance representation 
(Breuer et al 1982 and Abramovich et al 1982). The attainment of more accurate 
system impedances will be investigated in Chapter 7. 
2.4.4 Unbalanced Convertor Operation 
Figure 2.7 illustrates an equivalent circuit suitable for the 
analysis of unbalanced.convertor operation. The convertor generates 
harmonic currents, ~, which propagate in the parallel system and filter 
impedances causing harmonic voltages to be present at the convertor 
terminal busbar. A number of convertors may be attached to the same 
busbar. 
.. 
<II 
.. 
.. 
.. 
.,. 
" 
<II 
OIl 
BUSBAR Ih 
Vh 
-
FIGURE 2.7: Three Phase Convertor with Approximate System Impedances 
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Early convertor investigations involving fundamental frequency 
imbalance were performed by Phadke and Harlow (1966). Considerable 
work on improved control strategies to solve harmonic instabilities was 
initiated by Ainsworth (1967). Further investigations were performed on 
digital computers for harmonic voltage and firing angle imbalance by 
Reeve and Krishnayya (1968), Phadke and Harlow (1968) and Reeve et al 
(1969) . 
The interaction of convertor current injections with system 
voltages, leading to a more accurate convertor representation, was 
undertaken by Reeve and Baron (1970). It was not until Yacamini and 
de Oliveira (1980a) that convertor interaction was generalised for any 
configuration at the injection bus. Transformer saturation was included 
in this study. The complete range of interactions including accurate 
DC system impedance modelling was discussed by Yacamini and de Oliveira 
(1980b) and Yacamini and Smith (1983). 
The AC system in the above studies has been represented in an 
approximate form by either an impedance based on the short circuit ratio, 
a tee equivalent circuit Bowles (1970) or a balanced impedance locus, 
Reeve and Baron (1970). The first approach using the short circuit ratio 
is an unsatisfactory representation (Kauferle et al 1970), and only by 
using measured or simulated impedances calculated for the whole network 
can realistic studies be performed. Results using unbalanced AC systems 
have not been investigated. The provision of three phase impedance 
modelling will make this possible. 
The situation with a single injection point into the AC system can 
be generalised to a number of injection points, each point being connected 
to a separate busbar. This is represented in Figure 2.8. The calculation 
of three phase system impedances will also enable such studies to be 
performed. 
A basic premise of the convertor analysis discussed, is that the 
fundamental frequency power flow is unaltered by the superposition of 
harmonic voltages at the point of harmonic injection into the AC system. 
Initial studies of the operating state of a convertor with 
flow included have been performed by Xia and Heydt (1982). 
were however restricted to characteristic harmonics and no 
results were presented. 
harmonic power 
These studies 
three phase 
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UNBALANCED 
SYSTEM 
FIGURE 2.8: Convertors Attached to Different Busbars of the Unbalanced 
AC System 
2.5 MEASUREMENT OF HARMONICS 
Measurement of harmonics is carried out for a number of reasons; 
to provide background levels for planned installation of plant, to provide 
impedance data for filter design, to enforce harmonic limits, to determine 
the propagation of audio frequency control signals or to determine 
solutions to harmonic problems on installed plant. Measuring in these 
different areas requires different equipment and can be achieved to 
varying degrees of success. 
Multiple frequency measurement is often required, but because 
transducer calibration and instrumentation accuracy is difficult, this 
is an exacting task (Pesonen et al 1981). 
Figure 2.9 indicates the components of a harmonic measurement 
system. The transducers are either for measuring current or voltage and 
give replicas of system conditions. They may be connected to a number 
of instruments to record the waveform, analyse the harmonic .content or 
display the time domain information to. an operato~ for example. Measuring 
the small quantities of harmonics in the presence nf 50 Hz power flow is 
also difficult, without consideration of the electromagnetic environment 
the measuring system is required to perform in. Measurement systems have 
not yet been developed that allow accurate reliable measurements to be 
made at a number of locations simultaneously. 
VI 
C .T.. ____ -"7I 
TRAN SO UCERS 
AND DATA LINK 
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harmonic analyser 
INSTRUMENTATION 
SYSTEM 
FIGURE 2.9: Schematic of Harmonic Measurement System 
Three phase measurement is not simply a duplication of single 
phase techniques. Voltage and current phase angles must be obtained to 
a single reference angle, say red phase fundamental. The phase angle 
at each harmonic in the Plessey instrument (Edward et al 1981) is the angle 
between the voltage and the current at that harmonic and thus no reference 
is possible. Although the instrumentation system of Breuer et al (1982) 
included a phase angle reference the phase information was 
not as accurate as the magnitude, due to equipment resolution. The method 
of Crevier and Mercier (1978) was used and assumed a balanced system. 
Because this method gives only an approximate representation of an 
unbalanced system the accurate three phase instrumentation with a dynamic 
range of 100 dB was not utilized to its potential. Although three phase 
measurement ,i s techni cally feas i b 1 e it has yet to be achi eved to a 
satisfactory level. Hithout accurate phase angles three phase simulation 
comparisons require the assumption of balanced phase angles to be made. 
This does not give accurate results. 
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Derivation of system impedance is an onerous task for a measurement 
system. It is not possible to obtain useful impedances with multiple 
sources on the system, a situation often encountered in practice. 
This is particular1y difficult below the 10th 
harmonic due to the background harmonic levels (Kidd and Duke 1974). 
The injection of inter-harmonic frequencies by Baker (1981) avoids this 
problem but interpolation to harmonic frequencies is required. A range 
of harmonic impedances likely to be found with varying system configurations 
at each frequency is usually necessary. Often however, it is not possible 
to study the numerous outage conditions required (Huddart and Brewer 1966). 
The ability of measuring equipment to determine accurate harmonic 
impedances is restricted. The cost of measurement is high and the 
availability of suitable equipment and personnel is often limited. 
Simulation can overcome these problems and reduce the need for measuring 
under varying system configurations and multiple source injection 
conditions. With known or measured current injections from one source and 
measured voltages at one bus agreeing with simulated voltages at that bus, 
model results can be used at other locations with confidence. Using 
measurement and modelling in this way reduces the need to measure 
simultaneously at large numbers of busbars; a daunting task. 
2.6 MEASUREMENT AND MODELLING CORRELATION 
An agreement between harmonic measurements on a system, and computer 
s-imulation of the same system, \l/ould confirm the validity of both the 
measurement equipment and the computer model. However until this is 
achieved full confidence in both areas of endeavour cannot be guaranteed. 
However, in dealing with a physical power system, it is not 
possible to achieve exact agreement of modelled and measured quantities. 
The New Zealand Limits (New Zealand Electricity 1983) 
specify the measurement accuracies necessary for the determination of the 
small signal levels usually associated with harmonics. They are: 
the error in measuring constant harmonic ,current shall. not exceed 
0.1% phase to earth system voltage. 
the error in measuring a constant harmonic current shall not 
exceed 0.2 amps. 
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The extent that present harmonic modelling meets quantitative accuracies 
can be assessed from the work of Owen et al (1980): 
Resonant frequencies were predicted to within 5% of the measured 
values. 
Magnitudes at resonance were predicted to within 50% of measured values. 
- Magnitudes at frequencies not near a resonance were predicted to 
within 20% of measured values. 
A second comprehensive study performed under EPR! guidance (Breuer 
et al 1982), on the Bonneville Power Administration System, produced the 
average measured and simulated impedances of Figure 2.10. 
Both of these studies would be unacceptable if the above 
measurement limits "'Jere applied to modelling. 
At present, modelling is therefore not accurate enough to be used 
for quantitative studies. The reasons for modelling deficiencies will 
be isolated in Chapters 7 and 8. 
IMPEDANCE 
MAGNITUDE 
(n. ) 
150 
100 
50 
3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 
HARMONIC ORDER 
FIGURE 2.10: Harmonic Impedances of the Bonneville Power Administration System from Celilo HVDC Substation 
(a) meas ured 
(b) simulated 
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CHAPTER 3 
ALGORITHM DEVELOPMENT 
3.1 INTRODUCTION 
There is little difference in the basic approach to harmonic 
investigations when using either single or three phase models. However, 
the complexity and data requirements for three phase studies are much 
greater. Because of this the development of three phase software 
necessitates more effort on data preparation and output display. 
Some early understanding of harmonic penetration was obtained in 
relation to HVDC convertors (Robinson 1966) and using analogue simulation. 
Laurent et al (1962), at the French end of the cross-channel HVDC link, 
found simulation results did not match those measured. System impedances 
were not accurately modelled and considerable imbalance between phases in 
measured voltages was reported. Brewer et al (1974) also reported 
difficulty in matching predictive computer studies with measured results 
on the Kingsnorth HVDe scheme. 
Digital computer models at harmonic frequencies have been 
developed which have the capability to represent more of the elements of 
the transmission system. Campbell and Murray (1970), Kaban and Parten 
(1970), Northcote-Green et al (1973a), Frosch and Schultz (1978), Mahmoud 
and Shultz (1982), and Breuer et al (1982) all used balanced transmission 
line parameters and loads, reducing the transmission system to a single 
phase positive sequence equivalent. Linear, passive elements allowed 
analysis at individual harmonic frequencies. Only the single phase model 
of Breuer et al (1982) has been used to compare harmonic impedances of a 
network with measured test data. There were frequencies where the 
comparison was poor and again unbalanced impedances were reported. 
Harmonic penetration studies have been undertaken for distribution 
systems, (Pileggi et al 1981 and McGranaghan et al 1981). In the former, 
the low order unbalanced characteristic and non-characteristic harmonics 
were injected from a convertor load. Symmetrical component matrix analysis 
\Vas used to obtain harmonic voltages at specific network buses. In the 
latter paper, multiphase analysis was applied when coupling existed between 
double circuits. While the above studies discuss representation of three 
phase unbalanced netvlOrks, the presentati on of resul ts and s i gni fi cance of 
these has not been conveyed. 
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Kitchin (1981) proposed that a time domain solution using transient 
simulation would give accurate steady state harmonic levels where the 
voltage waveform was affecting convertor current generation. This approach 
however does not include accurate transmission line frequency dependence. 
The ability of frequency domain techniques to allow this facility was a 
major reason for its use in this thesis. 
This chapter describes an algorithm to model three phase harmonic 
penetration. An essential feature is that multiconductor trans~ission 
1 i nes cannot be modelled with fundamenta 1 freq uency data. The algorithm 
encompasses convertor harmonic interaction as well as harmonic penetration 
modelling,and while the results being presented only relate to the latter~ 
the structuring of the programs has been made general to permit developments 
in both areas. 
3.2 REQUIREMENTS FOR HARMONIC MODELLING 
The requirements to be met for accurate harmonic modelling are: 
transmission lines must be represented with provision for skin effect 
and standing wave phenomena. 
load, transformer, generator, shunt capacitor and filter models 
should be included. 
provision must be made for editing of data to allow for different 
system configurations. 
nodal admittance matrices should be formed for a range of frequencies and 
not restricted to harmonic multiples of the fundamental. 
it should be possible to calculate system impedances at any busbar. 
the possibility of current injections at multiple locations in the 
system needs to be considered. 
the network (assumed linear and passive) must be solved to obtain 
system voltages at all nodes for all frequencies. 
line current flows should be calculated at each frequency. 
output data needs to be plotted to facilitate interpretation. 
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These requirements utili$e standard power system techniques 
involving solution of simultaneous linear equations. Different 
applications mean that not all the above features will be used in anyone 
study. 
3.3 SINGLE PHASE MODELLING 
The structure of the single phase algorithm is illustrated in 
Figure 3.1. This corresponds to the program ELAFANT (Baird 1981)~ used 
by New Zealand Electricity, and indicates the simplicity and efficiency 
of this software. Features of the program include: 
fundamental frequency system component data is used at harmonic 
frequencies. This data is held in system data bases which means 
very little work is required in preparation for studies. 
editing facilities can retain changes for future runs, i.e. only 
one set of data is needed which can easily be reconfigured for a 
desired system. 
storage for a single admittance matrix only is required and this is 
reformed for each frequency. 
Low. requirements for storage combined with efficient solution 
techniques and ease of data preparation makes the program fast and easy 
to operate. ELAFANT meets all the requirements of the previous section, 
except that of multiple injection locations, although this can be 
performed if necessary by vector summation of the results of each separate 
injection. 
The single phase algorithm has been presented to illustrate 
that the design of three phase software is necessarily different. 
FIGURE 3.1 Structure Diagram of Single Phase Modelling 
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3.4 THREE PHASE ALGORITHM 
Unbalanced transmission lines and to a lesser extent other 
system components, have led to the proposed development from single 
phase to three phase analysis. The structure of the three phase algorithm 
developed is illustrated in Figure 3.2. The harmonic penetration program, 
HARMAC (abbreviation of AC HARMonics), is only one part of this diagram 
indicating that three phase modelling is not a direct extension of single 
phase techniques. This structure is however very similar to that used in 
three phase power flow studies. 
Data preparation is not trivial in three phase harmonic modelling. 
Reasons for data complexity are: 
unbalanced three phase load data. 
three phase transmission line frequency dependence. 
The volume of data and the need for practical program blocks are 
central to the algorithm developed; not speed or efficiency of computation 
as has been the case in development of power flow or transient stability 
simulation. The need for separate program blocks is a function of multiple 
use of software and practical program debugging and maintenance. 
The first block of Figure 3.2, program TL (Transmission Line), 
calculates the transmission line parameters for each frequency over a 
required range using an Equivalent PI model. This is the subject of 
Chapter 5. Program INTER (INTERactive) completes the data base by reading 
line data from TL in unformatted form and adding it to the unbalanced load 
and other component data required in the network. Use of unformatted 
data is a method of data compression to save storage. Both programs were 
obtained from New Zealand Electricity and extended from fundamental to 
harmonic frequencies. These two programs are unnecessary in single phase 
studies due to low data requirements and smaller software size. Data 
necessary for a network need not be reformed each time a study is 
contemplated. 
The volume of output data for a practical study is such that 
ordinary tabular techniques are inadequate to understand the phenomena 
of harmonic penetration and also to detect significant results. Instead 
graph plotting software, program GRAPH1 (Gel len 1982), is used throughout 
this thesis. 
FIGURE 3.2 Structure Diagram of Three Phase Modelling 
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The data flow diagram of Figure 3.3 indicates the individual 
programs and major data files that form the basis of the three phase 
steady state solution technique. Data formation for both the harmonic 
penetration software, and three phase power flow (Harker and Arrillaga 
1979) is performed by the same software. This ensures that the system 
configuration used to supply data to program HARMCO (COnvertor HARi>1onics) 
by the harmoni c penetrati on and power fl ow programs is the same. It 
also avoids the duplication of data preparation softv/are, particularly 
for the transmission lines where similar analysis techniques can be used 
for fundamental and harmonic frequencies. The disadvantage of this 
structure is that line data for all the desired frequencies needs to be 
stored as data for HARMAC. 
The three phase AC/DC power flow supplies fundamental frequency 
data and the convertor operating state (Harker 1980) to the convertor 
interaction software, HARMCO. This software uses the three phase 
system impedances calculated by HARt1AC to solve the non-linear convertor 
equations obtaining harmonic voltages and currents at the convertor 
terminals. Current data from any number ·of convertors connected at any 
busbars in an AC system is then available for calculation of the harmonic 
penetration of these currents into the AC system. The interaction of 
convertors due to distortion of the commutating voltages is a field of 
on-going research, and not part of this thesis. Both the harmonic 
penetration and convertor interaction programs have similar output 
presentation requirements and utilise the graphics software, GRAPH1. 
FIGURE 3.3 Data Flow Diagram 
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3.5 THREE PHASE HARMONIC PENETRATION 
The three phase harmonic penetration program HARMAC is illustrated 
in the structure diagram of Figure 3.4. Features of the algorithm include: 
three phase mutually coupled transmission line data can be 
utilized. 
three phase unbalanced loads and other system components are 
mode" ed. 
separate admittance matrices are formed for each frequency. 
three phase impedance matrices for a reduced portion of the 
network suitable for filter design or convertor interaction 
studies are derived. 
unbalanced current injections at a number of busbars on the 
system can be specified. 
All the requirements previously stated for harmonic modelling have 
been met, although data file editing is not comprehensive. 
For a three phase network, unbalanced self and lllutual admittances 
of network elements can be modelled as well as circuit coupling. As 
indicated earlier, it is assumed that the AC system is linear and passive 
and therefore the principle of superposition may be applied to enable 
each harmonic to be considered independently. ' 
In a multibranch interconnected network an admittance matrix 
[vhl is formed from the individual elements, for each particular harmonic, 
h. Harmonic currents are injected into the buses under consideration 
and the voltages throughout the system calculated from the solution of: 
= (3. 1) 
For the three phase system, the elements of the admittance matrix 
are themselves 3x3 matrices consisting of self and transfer admittances. 
Figure 3.5 indicates the nature of the analysis where h sets of linear 
equation~ are solved. 
FIGURE 3.4 Structure Diagram of Three Phase Harmonic Penetration Program 
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FIGURE 3.5. Solution of h}Linear Simultaneous Eguations 
lAlhile it is usual to consider harmonic frequencies any frequencies may 
be solved for. 
The injected currents at most AC busbars will be zero, since the 
sources of the harmonics considered are generally from static convertors. 
I To calculate an impedance matrix for the reduced portion of a system 
comprising the injection busbars, it is necessary to form the admittance: 
matrix with those buses at which harmonic injection occurs, ordered las~ 
Advantage is taken of the symmetry and sparsity of the admittance matrix 
(Zollenkopf 1970), using row ordering techniques to reduce the amount of 
off-diagonal element build-up. The matrix is triangulated using Gaussian 
elimination, down to but excluding the rows of the specified buses. 
The resulting matrix equation for an n-node system with n-j+1 injection 
points is 
o 
o 
I. \ 
J 
I 
n 
= 
Y .. JJ 
0 
Y • 
nJ 
• •• Y • In 
••• Y 
nn 
V. 1 J-
V. 
J 
/J } 
(3.2) 
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As a consequence, I j ... In remain unchanged since the currents above 
these in the current vector are zero. The reduced matrix equation is: 
I . 
J 
= 
Y .. 
JJ 
Y . 
nJ Y nn 
V. 
J 
V 
n 
(3.3) 
where the admittance matrix is of order equal to 3 times the number of 
injection busbars. The elements are the self and transfer admittances of 
the reduced system as viewed from the injection busbars. An impedance 
matrix may be obtained for the reduced system by matrix inversion. 
Reducing a system to an equivalent impedance matrix is not only 
useful for filter design where the system as viewed from one bus is 
required, but also where a number of convertors are connected to the AC 
system at different points, Figure 3.6. In this case the reduced 
admittance matrix would be of order 9. 
Convertor 1 
AC 
System 
Convertor 2 
FIGURE 3.6 Three Convertors Attached to Different Busbars on the 
AC System 
For the purposes of this thesis the currents from the convertors 
are assumed to be known. In general however (Yacamini and de Oliveira 
1980a, b) voltage distortion at the convertor terminals affects the 
firing angles and hence current injection into the system. Solution of 
this problem is iterative and not suited to the large matrices associated 
with the AC system. During each iteration only the convertor terminal 
voltages are required. These can be obtained in the example above by 
reducing the AC system to a three bus equivalent system for the three 
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convertors indicated in Figure 3.7 below. Each of the admittances 
represents a 3x3 matrix. 
Convertor 1 t-------I'r12 r----1--J t:f Con ver to r 2 
Convertor 3 
FIGURE 3.7 Reduced Three Convertor System 
Restricted measurements on the physical network limit the ability 
to compare a three phase model with test results. ~1easured impedance data 
is obtained on live three phase systems and thus only phase voltages 
and currents for the coupled phases are available for impedance calculations. 
To compare measured and simulated impedances at a current injection 
bus bar it is necessary to define equivalent phase impedances, derived 
from the 3x3 admittance matrix. Assuming 
13 = 111200 pu, the matrix equation: 
o 0 II = lLQ: pu, 12 = 11-120 pu, 
II Yll Y12 Y13 VI 
12 = Y21 Y22 Y23 V2 (3.4) 
13 Y 31 Y32 Y 33 V3 
solved for VI' V2 and V 3' yields the fo 11 owi ng equivalent phase 
impedances: 
ZI = 
VI 
Z2 = 
V2 
Z3 
V3 
' (3.5) ~ 12 = 13 , , 
I 
'I 
and these can be compared with measured values. J 
The impedances can be plotted in their cartesian coordinates over 
the range of frequencies of interest. This has previously been presented 
for single phase impedance-frequency data (Laurent et al 1962 and Breuer 
et a 1 1982). 
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3.6 FORMATION OF THE NODAL ADMITTANCE MATRICES 
3.6.1 Introduction 
To enable harmonic penetration analysis to be performed it is 
necessary to form a mathematical representation of the power system. 
However,the electrical characteristics of an interconnected network are 
extremely complex. By considering the individual physical elements the 
parameters of which can be determined and connecting them in the manner 
of the physical network, this complexity can be overcome. Nodal 
admittance matrix techniques are presented to perform this interconnection 
efficiently. 
Phase quantities are retained throughout the formation and solution 
of the harmonic admittance matrices. Symmetrical components provide no 
computational advantage and are only used as an aid to interpretation of 
resul ts. 
This s~ction treats ihe interconnection of various three phase 
element types by the use of linear transformation techniques. It is left 
to the two succeeding chapters to assign the physical elements of the 
network to these element types. 
Admittance matrices for each frequency have the same non-zero 
elements with values determined by element models. 
3.6.2 Network Subdivision 
Although an element, or branch, of a network is the basic component 
elements may be coupled and non-homogeneou~ i.e. mutually coupled 
transmission lines with different tower geometries over the line length. 
To facilitate the inclusion of this a subsystem is defined as follows: 
A subsystem is the unit into which any part of the system may be 
divided such that no subsystem has any mutual coupling between its 
constituent branches and those of the rest of the system. 
The smallest unit of a subsystem is a single network element. 
The subsystem unit is retained for input data organisation. Data 
for any subsystem is input as a complete unit, the subsystem admittance 
matrix is formulated and then combined in the total system admittanc~ 
matrix. 
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Subsystem admittance matrices may be derived bf finding. for 
each section. the ABCD or transmission parameters, then combining these 
by matrix multiplication to give the resultant transmission parameters. 
These are then converted to the required nodal admittance matrices. 
This procedure involves an extension of the usual two port 
network theory to multi-two-port networks. Currents and voltages are 
now matrix quantities as defined in Figure 3.8. Dimensions of the 
parameter matrices correspond to those of the section being considered, 
i.e. 3,6,9, or 12 for 1, 2, 3 or 4 mutually coupled three phase 
elements respectively. All sections must contain the same number of 
mutually coupled three phase elements, ensuring that all the parameter 
matrices are of the same order and that the matrix multiplications are 
executable. Uncoupled elements need to be considered as coupled ones 
with zero coupling to maintain correct dimensions for all matrices. 
Once the resultant ABCD parameters have been found the equivalent 
nodal admittance matrix for the subsystem can be calculated from: 
[YJ I[DJ~~ ~ 
[ [BJ- 1 
I 
I 
I 
- ,-
[c] - [OJ [8J-1 
_[B]-l [A] 
(b) Multi-two port network 
(a) Matrix transmission parameters 
FIGURE 3.8 Two Port Network 
(3.6) 
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Two-port network theory is not the only way a number of sections 
can be reduced to a branch equivalent. Matrix reduction introduced for 
systems impedance calculation in the previous section could also have 
been used (Alvarado 1982). 
3.6.3 Linear Transformation 
Linear transformation techniques enable the admittance matrix of 
any network to be found in a systematic manner (Kron 1965 and Brameller 
et al 1969). Steps needed to form the network admittance matrix by 
linear transformation are: 
label the nodes in the original network. 
number in any order the branches and branch admittances. 
form the primitive network admi ttance matrix [Vpr"illl] by inspection. 
form the connection matrix [cl 
calculate the element nodal admi ttance matrix using 
[Vabc] = [CJT [VprinJ [c] 
Examples of this techniqu~ can be found in Harker (1980). 
Representation of three phase elements by the use of compound 
admittances will be used extensively. Formation of both the primitive 
and actual network admittance matrices using three phase compound 
admittances is covered in deta"il in Arr"illaga et al (1983a). 
For the models dev~loped in this section, the intermediate steps 
in forming the element nodal admittance matrices have been neglected, 
similar to the program implementation. 
3.6.4 Shunt and Series Elements 
Coupled admittances to ground at bus k are formed into the 3x3 
admittance matrix shown in Figure 3.9, and this reduces to the compound 
admittance representation indicated. 
33 
k 
I~ 
(a) Coupled Admittance (b) Admittance Matrix (c) Compound Admittance 
FIGURE 3.9 Representation of a Shunt Element 
The admittance matrix is usually diagonal as there is normally 
no coupling between the components of each phase. It is incorporated 
directly into the system admitta~ce matrix, contributing only to the 
self admittance of the particular bus. Shunt elements represent the 
simplest subsystem, being composed of only one busbar. 
Coupled series admittances between busbars i and k in Figure 3.10 
reduce to the'nodal admittance matrix and compound admittance indicated. 
I~ I yaa 
ik 
I~ ybb I 
ik 
IS I I~ 
(a) Coupled 
(b) Adm; ttance r1atri x 
(c) Compound Admittance 
FIGURE 3.10: Representation of a Series Element 
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3.6.5 Coupled Shunt Elements 
T\l1O three phase shunt branches coupled together, a common exampl e 
being the transformer, may be represented using two coupled compound 
admittances. The admittance matrix and compound admittance representation 
are illustrated in Figure 3.11. 
(a) Admittance Matrix 
(b) Compound Admittance 
FIGURE 3.11 T~<Jo ~~inding Three Phase Transformer asTwg" Coupled 
Compound Admi.tt(inces 
It should be noted that: 
as the coupling between the two compound admittances is bilateral. 
Practical details of the different coupling arrangements 
possible are discussed in Laughton (1968) and Dillon and Chen (1972). 
3.6.6 Combined Series and Shunt Connected Elements 
(3.7) 
For this element representation in single phase analysis, the 
usual example being the transmission line, half of the total shunt 
admittance is connected to earth at each terminal and the series 
impedance for the total element is placed in series between the busbars 
as shown in Figure 3.12. 
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z 
Y/2 Y/2 
FIGURE 3.12 Series and Shunt Connected Element 
The same model can be used in the three phase case. The process 
by which Z and Y become 3x3 matrix quantities is illustrated in Figure 3.13. 
In part (a) of the figure the full circuit representation is shown. This 
consists of three circuits (one for each phase) which are coupled together. 
Parts (b) and (c) show alternative and more concise circuit representations 
where [Z] and [yJ are written as 3x3 matrices and corresponding three 
phase compound admittances. 
The admittance matrix for the three phase element can now be 
written. This is done following the rules of linear transformation for 
the formation of the admittance matrix using compound admittances. 
The element admittance matrix relates the nodal injected currents 
illustrated in Figure 3.13 to the nodal voltages by the equation: 
= ~l-~ ~ _[V] I ~ _ L _ ~ [Z] -1 ___ l 
L _~J-1 1 [ZJ-1 + [YJ/2J (3.8) 
6 x 1 6 x 6 6 x 1 
Significant coupling exists between some three phase system 
elements. Transmission lines often occupy the same right of way for a 
considerable length and the electrostatic and electromagnetic coupling 
between these lines must be considered. 
FIGURE 3.13 
If 
IP I 
If 
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Three Phase Combined Series and Shunt Connected Elements 
Zaa ik k 
a Z b a H" 
b 
c 
Yaa ik 
c 
(a) Full Circuit Representation 
I~ 
I~ 
[ J Zaa Zab Zac ijkl Ii r u 
-.----''''l1lI:--------1 Zba Zbb Zb c I---------fllr--,-
Yaa Yab Yae 
~ikJ/ 2 Yba Ybb Ybc 
Yea 
(b) Matrix Equivalent 
/" 
Zec 
Yaa Yab Yac 
bb Ybc ~i~/2 
k 
(c) Using Three Phase Compound Admittances 
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In the simplest case of two mutually coupled three phase elements, 
the two elements are considered to form one subsystem, composed of four 
busbars. This is represented in the equation below: 
[J ~J -1 + ~sJ _~J-1 ~:] 
--- = -----~---~------- --
~:] - ~J-1 ~J -1 + ~sJ ~:] 
12 x 1 12 x 12 12 x 1 
where ~J and [Y J are the 6x6 compound seri es impedance and shunt 
admittance matrices respectively. 
(3.9) 
This is similar to the equation for an uncoupled element with the 
appropriate matrix partitioning. 
Data which must be input to the program to enable coupled elements 
to be treated in a similar manner to single elements, are the series 
impedance and shunt admittance matrices. These matrices are of order 3x3 
for a single element, 6x6 for two coupled elements, 9x9 for three and 
12x12 for four coupl ed el ements. Once the matri ces [z] and ~J are 
available, the admittance matrix for the subsystem is formed. 
When all the busbars of the coupled lines are distinct, the 
subsystem may be combined directly into the system admittance matrix. 
However, if the busbars are not distinct then the subsystem admittance 
matrix must be modified. This is simply a matter of adding appropriate 
rows and columns and is referred to as network collapsing by Alvarado 
(1982) . 
It should be noted that the admittance matrix of each individual 
branch must also be stored to facilitate calculation of individual 
element current flows after the solution of the harmonic penetration 
has been completed. 
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3.6.7 Forming the System Admittance t'1atrix 
It has been shown that the element (and subsystem) admittance 
matrices can be derived and manipulated efficiently if the three nodes 
at a busbar are associated together. This association proves equally 
helpful when forming the admittance matrix for the total system. 
A subsystem may have common busbars with other subsystems, but 
may not have mutual coupling terms to the branches of other sUbsystems. 
Therefore the subsystem admittance matrices can be combined to form the 
overall system admittance matrix as follows: 
- the self admittance of any busbar is the sum of all the 
sUb-system self-admittance matrices at that busbar. 
the mutual admittance between any two busbars is the sum of the 
individual mutual admittance matrices from all the subsystems 
containing.those two nodes. 
3.7 CONCLUSIONS 
An algorithm for three phase steady state harmonic penetration 
studies has been introduced. I~odelling in phase co-ordinates with 
emphasis on the essential components present in the input routine for 
any three phase harmonic penetration alaysis,have been described. 
Transmission lines are represented by non-linear functions of frequency. 
thus parameters cannot be determined from fundamental frequency data. 
1,I,Ihile the user 
are similar for single 
structured differently. 
requirements for harmonic penetration software 
and three phase modelling, the programs are 
The complexity of three phase system 
modelling'requires the programmer to devote comparable effort on 
formulation of the three phase data and the penetration program itself. 
Data flow is central to the algorithm and the main file transfers 
have been illustrated. Sparsity storage has been used together with 
efficient solution techniques to enable actual transmissinn systems to 
be mode 11 ed . 
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CHAPTER 4 
t10DELLING OF NEAR BALANCED Cor~PONENTS 
4.1 INTRODUCTION 
The design of shunt capacitors, filters, generators, loads and 
transforme~s is reasonably balanced and so is the information normally 
provided for their modelling. However. the models derived in this thesis 
allo\lJ for unbalanced parameters wherever available. 
There is some disagreement regarding which harmonic models are 
best for generators, transformers and loads (Pesonen etal 1981), and 
because of this, the various proposed models are discussed. 
4.2 SHUNT CAPACITORS 
Shunt capacitors are represented as elements contributing to the 
shunt admittance of the busbar to which they are connected, illustrated 
in Figure 4.1. Usually the element admittance matrix will be diagonal 
and proportional to frequency. The ~WA rating at 50 Hz, Q50 and the 
nominal voltage, V, are used to calculate the capacitive reactance. The 
presence of any series inductance in the capacitor banks is ignored. 
k k 
-- -- - ..... 
(a) Shunt Capacitors (b) Admittance Matrix 
FIGURE 4.1: Shunt Capacitor Representation 
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4.3 FILTERS 
Single tuned, and high pass, shunt filters are usually connected 
to the terminal busbars of high power AC/DC convertor installations. The 
filters are represented as uncoupled LRC branches, contributing to the 
shunt admittance of the convertor busbar to which they are connected. 
Typical equivalent circuits for each phase of single tuned and 
high pass filters are illustrated in Figure 4.2. 
(a) Si fi lter (b) High Pass Filter 
FIGURE 4.2: HVDC Shunt Filter Typ~~ 
4.4 SYNCHRONOUS GENERATORS 
In general, it may be assumed that synchronous generators 
produce no harmonic voltages, and they can therefore be modelled by a 
shunt connected impedance, at the generator terminal busbar. 
Ross and Smith (1948) and Easton (1966) conclude that alternators 
can be treated as having a constant harmonic impedance, irrespective of 
the power delivered by the machine. 
The literature is not however in agreement, regarding appropriate 
impedances at audio frequencies. Ross and Smith (1948), Easton (1966), 
Northcote-Green et al (1973a) and Clarke (1973), propose a frequency 
dependent resistance, with most authors suggesting a linear relationship. 
However Pesonen et al (1981) proposes a constant resistance while Campbell 
and Murray (1970) and Breuer et al (1982) use none at all. 
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A number of authors (Ross and Smith 1948, Pesonen et al 1981, 
and Breuer et al 1982) use a linear reactance derived from either the 
subtransient or negative sequence inductances; both having similar 
values, or in the case of Campbell and r~urray (1970) the transient 
inductance. There is disagreement with this approach by Clarke (1973) 
and Northcote-Green et al (1973b) who suggest second order equations that 
give lower values of impedance at higher frequencies, however no reasons 
for this approach are given. 
Arseneau et al (1979) conducted tests on a laboratory size 
synchronous motor, with measured impedances and the subtransient reactances 
agreeing to \vithin 15%. No confirmation using power system synchronous 
generators, was attempted however. 
\;lith no generally accepted model, and no comprehensive published 
tests, the model of Ross and Smith (1948) with linear subtransient 
reactance and res is tance Wi 11 be used in bm forms as be low: 
A. 100% of the subtransi ent reactance vvith a power factor of 0.2. 
B. 80% of the subtransient reactance with a power factor of 0.2. 
Conversion to a form suitable for inclusion into the harmonic 
admittance matrices is straight forward. 
4.5 LOAD MODELLI 
The transmi ss ion system program, HARt·1AC, 1 acks the capabil ity to 
represent the system from generators right through to individual customer 
loads. At some point on the network the elements at lower voltages have 
to be aggregated into an equivalent circuit. In New Zealand there is one 
organisation responsible for generation and transmission to load centers, 
and a number of power supply authorities who reticUlate power to individual 
customers within the load centers. In this thesis equivalent circuits 
are used at the boundaries of the transmission system, i.e. at the points 
of supply (POS) to supply authorities. 
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This is justified for the following reasons: 
generally lines within distribution authorities are much shorter than 
those in the transmission system, and therefore standing wave effects 
at harmonic frequencies are less likely. 
transformers at the point of supply have reactances which reduce the 
effect of supply authority system harmonic impedance variation, 
caused by the combined effects of reticulation and individual 
customer load impedances. 
The methods available for determining the equivalent harmonic 
impedance of supply authority networks are: 
direct measurement can be performed at a sufficient number of 
frequencies to enable satisfactory interpolation. This has been 
discussed in Chapter 2. The limitations of measurement technique 
make this method very time consuming and difficult, especially for 
a number of authorities. 
component characteristics, i.e. motors and industrial plant, can be 
derived by using statistical diversity data. This approach, while 
difficult, is under consideration for system stability studies 
(Concordia and Ihara 1982) and could be extended to harmonic studies. 
knmvn fundamental frequency real and reactive power flow at the 
point of supply can be used. 
l~i de vari ati on 1 n impedance with frequency and load 1 eve 1 has 
been reported (Ross 1972, Baker 1981 and Barnes and Kearley 1981), for 
industrial and domestic customers. Industrial loads often have capacitors 
installed for power factor compensation which can cause series and 
parallel resonances. 
There is a correspondingly large number of models useful for 
customer loads (McGranaghan et al 1981, Pesonen et al 1981 ~nd 
Pileggi et al 1981). All are designed as component or as component 
aggregate models. 
However, transformation to higher voltage levels and reticulation 
to the point of supply tends to reduce the effect of individual consumer 
harmonic impedance variation. A typical supply authority network 
indicating this is shown in Figure 4.3. 
11kV 
INDUSTRIAL 
LOAD 
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DOMESTIC 
LOAD 
Po.S. 
TRANStvllSSION 
SUBSTATION 
415 V 
DOMESTIC 
LOAD 
FIGURE 4.3: Schematic Representation of Supply Authority Distribution Network 
Some measured data for the Central Canterbury Electric Power Board 
(CCEPB) confirming the insensitivity of harmonic impedances to customer 
loads is documented in Table 4.1. The impedance at 520 Hz is inductive 
and not substantially greater than that at 50 Hz for both the points of 
supply at Springston and Islington. 
520 Hz 
impedance (Q) 
50 Hz 
impedance (Q) 
SPRINGSTON 
57.0 135.50 
o 47.0 118.2 
ISLINGTON 
21. 3 137.50 
19.2 118.20 
TABLE 4.1: Measured Impedances for Central Canterbury Electric Power 
Board Points of Supply 
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From this information~ the use of fundamental frequency data at 
the point of supply is reasonable and no individual customer loads need 
be considered. On first investigation it would appear simple to include 
a shunt admittance at the point of supply busbar that gives the correct 
fundamental real power flow (Ross and Smith 1948 and Pesonen et al 1981). 
A better method, where the reactive power consumption is available, is 
to include this in the admittance as well (Campbell and Murray 1970 and 
Harker 1980). 
Various combinations of the real and reactive power demand at 
50 Hz, P50 and Q50' have been suggested. Those considered are: 
A 
~ 
kPso 
where k = 0.1 h + 0.9~ h is the harmoni£ order and V is the nominal 
vo ltage. Thi s mode li s based on that of Pesonen et a 1 (1981). 
B 
The reactance is assumed to be frequency dependent with a constant 
parallel resistance. 
c 
v2 
jO·073hR R= Pso 
jhR;, Q50 (6·7 Pso-O·74 ) 
This model was derived by measurements performed on medium voltage loads 
using audio-frequency ripple control generators (P€sonen et al 1981). 
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D 
The load impedance calculated at 50 Hz remains constant for all 
frequencies (Ross 1972). 
Converting the above models from impedance into a suitable form 
for inclusion into the system admittance matrices is straight forward. 
Load modelling for transmission studies will become more difficult 
as supply authorities install filters at the points of supply, to remove 
ripple control signals from the distribution networks. If the point of 
supply harmonic impedances are capacitive, then series resonance with the 
supply transformer occurs, and assumptions made for these supply 
authorities need to be re-ex~mined. 
4.6 TRANSFORMER MODELLING 
In general a two-winding, three phase transformer has a primitive, 
or unconnected, network consisting of six coupled coils, and is thus 
modelled as a six by six admittance matrix. 
The transformer nodal admittance matrix is, in each case, derived 
from the primitive admittance by the expression 
[Ynode] = [C] T [Yprim] [C] (4.1) 
where ~], the connection matrix, is derived from consideration of the 
actual transformer connections. 
The star-g/delta transformer, one of the two common convertor 
transformer connections, does not provide a path for any zero sequence 
currents to flow from one voltage level to another. The nodal admittance 
matrix for this transformer connection, on the assumption of single phase 
units, is: 
c 
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Vtl Vu Vt1 
a1 
-\13 a1 \13 a1 
Vt2 Yt2 Vt2 
a2 
"" \13 a2 \13 a2 
Vt3 Vt3 Vt3 
~ 3 \13 a3 - \13 a3 
[V nOd~J = ---------- ------Vt3 Vt1+Vt3 Vu V t2 
13 a3 3 
- -3-
Vt1 Vt2+V t1 Vt2 
- -3- - -3-
Vt2 -Vt3 Vt3 Vt2 Vt2+V t3 
13 a3 
- -]- 3 
which is sufficiently general to investigate the effect of small 
asymmetries in single phase transformer units due either to leakage 
admittances, Vt , or off-nominal tap ratios, a. If the three single 
phase units are perfectly symmetrical, the equivalent circuit for the 
star-g/delta connection, unity tap ratio, is as shown in Figure 4.4 
y 
(4.2) 
-{3 A a~ __________________ -'YY1f~ ________________ ~~ 
y 
{3 
PRIMARY SECONDARY 
FIGURE 4.4: Equivalent Circuit for Symmetrical Star-g/delta 
Transformer (unity tap ratio) 
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The only information required is the leakage reactance, which 
is readily available, and transformer type, e.g. star-g/delta or 
star-g/star-g, being the common connections in New Zealand. 
Transformer models developed at fundamental frequency are also 
used in harmonic studies, except for provision for damping due to winding 
losses as skin effect increases with frequency. Adielson et al (1981) 
and Degeneff et al (1982) confirm this approach with measured and 
simulated data. Transformer impedance is shown to be proportional to the 
leakage reactance and linear with frequency, up to 10 kHz where the 
interturn capacitances produce internal resonance. Since harmonic 
frequencies considered here are less than this, the magnetising inductance 
and stray capacitances can be neglected. 
Avila-Rosales and Alvarado (1982) introduc~ a method for calculating 
eddy current losses, by solving the electromagnetic field theory problem 
in the transformer core. Such an approach is too detailed for the 
requirements of harmonic modelling, where a simple model applicable for 
all transformers, with6ut knowledge of core or winding dimensions, is 
needed. Fortunately eddy current effects are considered small at harmonic 
frequencies and this approach is not required. 
Szabados and Lee (1981) disagree with the assumption that transformers 
always operate in the linear region of the magnetisation curve. With less 
steel in transformer cores to reduce costs, and thus operation closer to the 
saturation region, they argue the need for non-linear modelling (Brandwajn 
et al 1982). There is considerable background harmonic content on the 
system, especially 3rd, 5th and 7th harmonics (Hyland 1981), due to the 
non-linear nature of transformers, indicating that this is an area for 
future endeavour. 
Assuming that transformers are not operated in saturation, various 
impedance representations have been suggested to replace the leakage 
reactance: 
A. o 
180XSO 
where X50 is the leakage reactance at 50 Hz (Harker 1980). 
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B. 
R jhX so -
where R == .1026 kh X50 (J+h} (Baird 1981). 
and J is the ratio of hysteresis to eddy current losses, taken as 3 for 
silicon steels and: 
k == 1 J+l 
C. As for B except R and X are scaled to 80% of the 50 Hz values 
(Baird 1981). 
D. 
where, 90 < V2/SR < 110 
s 
13 < SRp/V2 < 30 
with S being the rated power of the transformer (Pesonen et al 1981). 
For this case, Rs = 0.04 pu and Rp = 60 pu which corresponds to a 30 MVA 
rating. 
E. As for D but with Rs 0.01 pu and Rp = 20 pu, corresponding to 
a 100 MVA rating. 
The last two models are the same except for transformer ratings and 
all transformers in the network were assumed to have the same rating. 
4.7 CONCLUSIONS 
While near balanced components such as capacitors, filters, 
generators, loads and transformers have been considered as balanced, 
provision in the models is available for any imbalance for which data 
is available. 
The validity in assuming a simple equivalent circuit for distribution 
authority networks at harmonic frequencies has been investigated. 
A number of practical models for loads, generators and transformers 
have been determined. The adequacy of the representations will be discussed 
in Chapter 7 using measurements taken on a transmission network, and by 
conducting sensitivity tests on each element model. 
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CHAPTER 5 
TRANSMISSION LINE MODELLING 
5.1 INTRODUCTION 
Although the bridge convertor produces only positive and negative 
sequence harmonic currents, the coupling between sequence networks 
resulting fromAC transmission system asymmetries can cause considerable 
zero sequence interference in nearby power or communications lines 
(Whitehead and Radley 1949 and Kuussaari and Pesonen 1976). The 
modelling of transmission lines connected to large convertor plant 
needed to assess the level of zero sequence harmonic current penetration, 
, 
is discussed in this chapter. No attempt is made to model coupling into 
the communication network, the determination of which can only be 
achieved in simple situations (Meyer and Dommel 1969). 
In fundamental fiequency AC/DC power flow, the effect of line 
asymmetry can only be assessed by detailed representation of the AC 
transmission network in the phase frame of reference, with mutual effects 
included, as well as three phase analysis of the convertor operation 
(Arrillaga and Harker 1978, Harker and Arrillaga, 1979). Even when the 
analysis is restricted to purely sinusoidal voltages, the line and 
convertor voltage asymmetry are shown to produce phase currents of 
varying widths containing unbalanced, uncharacteristic harmonic 
frequencies, for which filtering is not normally provided. 
Measurements of the harmonic currents at the rectifier end of 
the New Zealand DC link have shown deviations between phases of up to 
56% (at 450 Hz) with an average deviation of 35% (Robinson 1966). The 
combined effect of the current imbalance and any system impedance 
imbalance is reflected in the phase voltages, which are shown in 
Table 5.1 for the Benmore 220 kV busbar. All harmonic voltages are 
unbalanced, with the most severe imbalance occurring at the non-
characteristic third and ninth harmonics. 
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TABLE 5.1: Harmonic Voltage Measurements during Back-to-Back Testing 
of the New Zealand DC Link While Commissioning in 1966. 
400 A dc (one third full load current) 
Phase-to-neutral voltages 
At Benmore 220 kV 
Harmonic 
Red Yellow Blue 
phase (%) phase (%) phase (%) 
1 100 100 100 
2 0.5 0.7 1.0 
3 2.9 0.3 1.0 
4 0.6 0.3 0.4 
5 0.25 0.15 0.25 
6 0.25 0.30 0.35 
7 0.15 0.15 0.1 
8 0 0.05 0.1 
9 0.05 0.05 0.15 
10 0.05 0.05 0.05 
11 0.1 0.15 0.1 
12 0.15 0.05 0.15 
13 0.05 0.05 0.05 , 
14 0.05 0.05 0.05 
15 0.15 a 0.2 
16 0 0.1 0.15 
17 0.3 0.3 0.3 
18 a 0.05 0.1 
19 0.3 0.3 0.7 
In this chapter, balanced current injections at the convertor 
illustrate the effects of a single transmission line configuration on the 
propagation of unbalanced harmonics. While the line distance may not 
be sufficient to cause unacceptable fundamental frequency voltage imbalance, 
the"electrical distance" at harmonic frequencies will increase in 
proportion to the harmonic order. Consequently the .line is expected to 
exhibit standing wave effects. 
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5.2 SINGLE PHASE LINE MODEL 
A physical understanding of the impedances, voltages and currents 
is difficult with a three phase mutually coupled ground return model. 
Moreover, much of the reference material (Clarke 1943. Kimbark 1950 and 
Chipman 1968) is primarily concerned with single phase balanced systems. 
Because of this an understanding of standing wave effects is approached 
from the single phase transmission line model. Three phase lines are 
illustrated as a progression from this. 
Transmission line parameters are expressed as a series impedance. 
Zl, and shunt admittance, yl, per unit length of line. Nominal PI models 
are of general use in fundamental frequency studies to represent single 
phase transmission lines, illustrated in Figure 5.1. 
yl yl 
2 2 
FIGURE 5.1: Nominal PI Transmission Line Model 
When this mode] is used at harmonic frequencies a number of sections 
need to be cascaded. This depends on the frequency and line length; 
e.g. a 1500 km line at 50 Hz (1/4 wavelength) requires 3 cascaded 
Nominal PI sections to. provide approximately 1% accuracy. As the 
frequency increases, the number of Nominal PI sections to maintain this 
accuracy increases proportionally; e.g. a 300 km long line requires 30 
Nominal PI sections to maintain the above accuracy for the 50th harmonic. 
The computational effort can be reduced and the accuracy improved 
with the use of an Equivalent PI model derived from the solution of the 
second order linear differential equations describing wave propagation 
along transmission lines (Kimbark 1950). Such a model, illustrated in 
Figure 5.2, is obtained from the Nominal PI model by using two correction 
factors: 
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for the series impedance 
tanh (xflTV'/2) for the shunt admittance 
x,f[f'fi /2 
Z'xsinh(xffY') 
x.f[fVf 
V1x tanh(x,ffiYI/2) 
x/[lfl /2 
VIX tanh(x.f[fVf/2) 
2 x/Z"{'/2 
FIGURE 5.2: The Equivalent PI Model of.a Long Transmission Line 
( 5.1) 
(5.2) 
Impedances in the diagram of Figure 5.3, obtained for a 230 km 
line, are plotted in Figure 5.4 against frequency. The impedances were 
calculated using geometric mean distances and three equal length 
transposition sections (Elgerd 1971). The shunt resistance and shunt 
reactance are formed by inverting the shunt admittance. 
Rse + jXse 
r--'-- ,-I---
..s:: ..s:: 
Ul Ul 
>< >< N N 
+' 
.,..., 
+ 
..s:: ..s:: 
Ul Ul 0::: 0::: 
N N 
-
FIGURE 5.3: Equivalent PI Impedances 
Predominant impedances can be observed as the series and shunt 
reactances, both of which have a period of 1300 Hz. The line length of 
230 km is 1 wavelength at this frequency. The series reactance increases 
from its 50 Hz. value, up to a maxi mum at 325 Hz, the ~ wavelength 
frequency and then decreases, passing through zero at 650 Hz, the 
~ wavelength frequency. The shunt reactance is capacitive and large at 
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fundamental fr~quency, reducing in magnitude until the ~ wavelength 
frequency, beyond which it becomes inductive. 
The series resistance is small at audio frequencies. This is 
expected in a system designed to transmit power at fundamental frequency 
with minimum losses. The peak magnitudes increase slowly as frequency 
increases. Since the series resistance does not get appreciably larger 
over the audio frequency range, the attenuation does not increase 
significantly. Frequencies in this range will propagate large distances 
on the power system. The negative resistances are a mathematical artifice 
and are not physically measurable. They give the correct terminal 
conditions for a distributed parameter transmission line. 
The shunt resistance, which is normally considered to be zero in 
a Nominal PI model, has considerable effect at resonant frequencies and, 
as can be observed from Figure 5.4, becomes very large as the wavelength 
frequency is approached. 
The conditions of a transmission line at resonance can be considered 
similar to an alternately series and parallel resonating tuned circuit. 
In Figure 5.4 the, series and shunt reactance are equal in magnitude but 
of opposite sign at 325 Hz, i.e. a series resonance (or node) with a 
purely resistive low impedance. This can be seen in Figure 5.5 where the 
impedance of the open circuited line is plotted. 
Although at 650 Hz both the series and shunt reactances are small, 
the transmission line has a high impedance equivalent to a parallel 
resonating tuned circuit. This condition is called an antinode and can 
also be observed on Figure 5.5. Low impedance magnitudes at series 
resonance occur for an open circuited line at the odd ~ wavelength 
frequencies, as well asat the parallel resonances of the ~ wavelength 
frequencies. 
At series resonance the impedance of the line comprises only the 
series and shunt resistances. The low impedance at these frequencies 
and the large impedance at the ~ wavelength frequencies. indicate the 
low level of attenuation of audio frequency signals. The addition of 
other system components such as loads and generators must provide the 
harmonic damping. 
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The asymptotes of Figure 5.5 are calculated from a knowledge of 
the total series impedance, Z, and shunt reactance, y, of the line, 
(Kimbark 1950). The propagation constant y is: 
y=/[j 
= a. + js 
where a. is the attenuation constant and S ;s the phase constant. The 
characteristic impedance Zo is: 
(5.3) 
Zo = ffr (5.4) 
The upper asymptote or maximum impedance is: 
Zo coth(a.x) (5.5) 
and the lower asymptote or minimum impedance is: 
Zo tanh(a.x) (5.6) 
The lower asymptote is sma 11 in value and slowly increases with frequency, 
while the upper asymptote decreases from an infinite value as frequency 
increases. For large frequencies these two asymptotes approach a value 
equal to th~ characteristic impedance. 
5.3 MULTICONDUCTOR TRANSMISSION LINE MODELLING 
~'ulti conductor transmi ss i on 1 i ne mode 11; ng uses the known and 
readily obtainable line geometry and conductor types to calculate 
electrical parameters. These parameters are not easily measured on the 
EHV network. With ground return, the resistances and inductances are 
frequency dependent. 
Initial work in developing computer transmission line models at 
fundamenta 1 frequency was done by Col eman et a 1 (1958), Thomas (1959), 
Hesse (1963) and Shipley et al (1963) and is summarised in Appendix 4. 
Their work was based on that of Carson (1926) who solved the 
equations for a transmission line in the presence of the earth. The 
approximate series of Clarke (1943) are in general use, with little 
reference being made to the original infinite series. 
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Long line high frequency modelling was proposed by ~~edepohl (1963) 
for travelling \'Iave effects and implemented by Galloway et al ,(1964). 
Bowman and McNamee (1964) developed the correction factors for the model, 
and thi s mater; a 1 was adapted for harmoni c frequenc; es in Arri 11 aga et 
al (1983 jncluded in Appendix 4. 
A program written by New Zealand Electricity to calculate the 
Nominal PI multiconductor parameters, has been extended here to include 
the Equivalent PI model and skin effect. 
In the case of multiconductor transmission lines, the Nominal PI 
seri es impedance and shunt admittance matri ces per km, [Z IJ and [Y ~ 
respectively, are square, their size being fixed by the number of mutually 
coupled conductors. 
The derivation of the Equivalent PI model from the Nominal PI 
matrices, is similar to that of th~ single phase lines, except that it 
involves the evaluation of hyperbolic functions of a matrix. This can 
be achieved by series expansion or by transformation into a diagonal 
matrix. The latter method was chosen and this avoided determining the 
number of terms in the expansion, although there is no reason why series 
expansion would not be acceptable. 
The use of eigenvalue analysis results in the following expressions 
for the Equivalent PI t40del (Bowman and McNamee 1964): 
where 
[ZJ EPM = x [Z ~ [M] [s i (~( ~ {) ] [M]-l 
x i ~~,the transmission 1 i nel en9!_h 
[ZJ EPM is the EquivalentPI series impedance matrix 
~J is the matrix of normalized eigenvectors 
rsinh(y x)] L (y x) 
sinh(Y1x) 
(y IX) 
o 
o 
0 0 
sinh(Y2x) 
0 (Y2x) 
sinh{Yjx) , 
0 (y jX) 
(5.7) 
(5.8) 
and Yj is the jth eigenvalue for 4 mutually coupled circuits. Similarly 
[YJ EPM = x[MJ [tar~~}~f2)J [MJ':l [Y'] (5.9) 
where [Y]EPM is the Equivalent PI shunt admittance matrix. 
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An illustration of the relative accuracies achieved by the 
Equivalent PI and Nominal PI models is displayed in Figure 5.6. 
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Comparison of the Equivalent and NominaJ-,=I Transmission 
Line Models at 5 Hz Intervals (a) 3 sections, (b) 6 sections 
(c) Equivalent PI 
This figure shows the per unit positive sequence voltages of a 
230 km, 220 kV line (for parameter information refer to Figure 5.7). 
Standing wave effects show the different accuracies provided by the 
two models, with the resonant frequencies of the Nominal PI model 
approaching those of the Equivalent PI model as the number of sections 
increases from 3 to 6. Accuracy of the Nominal PI model decreases as the 
frequency increases and this can be observed at the wavelength frequency. 
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FIGURE 5.7: Conductor Information for the Islington to Kikiwa Line 
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Cascading of Nominal PIs requires a large number of sections for long 
lines at higher frequencies, to achieve acceptable accuracy. The 
Equivalent PI model avoids the problems of determining the number of 
sections needed and round-off error that accumulates in this situation. 
Derivation of correction factors for conversion from the Nominal 
PI to Equivalent PI model., and their incorporation with the series 
impedance and shunt admittance matrices, is carried out as indicated in 
the structure diagram of Figure 5.8. The LR2 algorithm of Wilkinson 
and Reinsch (1971) is used with d~eregard for accurate calculations in 
the derivation of the eigenvalues and eigenvectors. 
5.4 SKIN EFFECT MODELLING 
Change in conductor parameters due to the non-uniform current 
distribution inside a conductor is termed IIskin effectll. Current tends 
to flow on .the surface or·skin of a conductor and this effect increases 
as frequency increases. The consequence of skin effect is an increase 
in the resistance of the conductor and a decrease in its internal 
inductance (Chipman 1968). The solution of the field theory equations 
for skin effect have been summarised in Appendix 4. 
Changes in the internal inductance have little effect on the 
geometric mean radius and therefore on the conductor component of self 
inductance and on the self inductance with ground return. Therefore the 
inductive skin effect is usually ignored (Kimbark 1950). 
When conductors are separated by small distances, the magnetic 
field inside the conductor is not circular. Current density is not 
symmetrical about the conductor axis and the net effect is an increase 
in series resistance and a decrease in inductive reactance. This 
phenomenon is called IIproximity effectll. In solid round wires, this 
effect is much less significant than skin effect, and Kennelly et al 
(1915) conclude that it can be neglected for separations greater than 
·20 cm. Since bundled conductors are generally spaced slightly further 
apart than this, proximity effects have been neglected. This is not the 
case for cable parameters however. 
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Kennelly al (1915) conducted tests on solid copper and aluminium 
wires and simple stranded wires at various separations, up to 5 kHz. It 
was observed that stranded conductors without spiralling had similar 
skin effect ratios to solid conductors of the same cross-sectional area. 
Unfortunately, ACSR cables (Aluminium Conductor Steel Reinforced) used 
in power system transmission lines have steel cores and multiple layers 
of aluminium strands with different lays. Some current leaks from strand 
to strand and this leakage will vary depending upon the condition of the 
strand surface, the conductor tension, and length of lay and will change 
over the time of service. These non-ideal parameters make calculation 
of the skin effect ratio over a range of frequencies difficult. A number 
of authors (Zaborszky 1953, Silvester 1969, King 1970 and Comellini et 
al 1973) have developed accurate models for various combinations of these 
effects at power frequencies, by dividing the conductors into a number 
of sub-conductors. However, the amount of data and computation required 
to do this for each conductor prohibits its use for a general transmission 
line model. 
Simpler relationships developed for solid conductors, valid for 
various frequency ranges (Westinghouse 1950 and Breuer et al 1982), do 
not give completely accurate results for ACSR cables as can be seen 
from Figure 5.9. 
These approximate relationships have been applied to the 
resistance of the series impedance in single phase models, i.e. the 
skin effect ratio is applied to the resistance of an equivalent conductor 
and not to each conductor; ndi vi dua lly. 
Lewis and Tuttle (1958) presented a practical method of calculating 
the skin effect resistance ratios by approximating ACSR conductors to 
uniform tubes having the same inside and outside diameters as the 
aluminium conductors, see Figure 5.10. The assumption is that little 
current flows in the steel core. 
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t 
steel strand (ore 
Aluminium strands __ ->f->"-i1>/ 
FI'JURE 5,10: low Tube Conductor on 
These relationships involve Bessel functions given in a suitable 
form for computer appl i cati ons by Abramowi tz and Segun (1968). Val ues 
are most accurate for an even number of layers of aluminium, the 
longitudinal magnetic field for each layer induced in the core almost 
cancelling. The worst ca~e is for a single layer cable where the skin 
effect resistance ratio is current dependent. At transmission voltages 
single layered cables are used infrequently. 
Thickness to radius ratios for some common conductors are presented 
in Table 5.2 and a range of values plotted in Figure 5.9. 
TABLE 5.2: Tube Ratios for Commonly Used Conductors 
Conductor t -
r 
Chukar .73 
Special (2) .67 
Special (3) .77 
Pheasant .66 
Zebra .66 
Goat .57 
Coyote .64 
To avoid errors in resonant peaks the more rigorous Bessel function 
relationships for tubular conductors have been used. There is a trade-off 
between accuracy and computation cost; the necessary solution being an 
acceptance of some inaccuracy for practical computability. It is however 
. doubtful if more accurate skin effect ratios are justified in a practical 
power system. 
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For long lines, skin effect ratios and their effect on the 
resonant voltage magnitudes, are important. Because the series resistance 
of a transmission line is a small component of the series impedance when 
the transmission line is not at resonance, the harmonic voltages do not 
change to any significant extent when skin effect is included, Figure 5.11. 
At resonance the series resistance and shunt conductance become the 
dominant system components. Changes in the series resistance magnitude 
change the voltage peaks but do not affect the resonant frequency. 
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FIGURE 5.11: The Effect of Skin Effect Modelling 
(a) Skin Effect included (b) No Skin Effect 
Referr"j ng to Fi gure 5.11, the voltage rati 0 at resonance between 
cases with and without skin effect is 1.5; The skin effect ratio 
calculated from Figure 5.9 is 2.0. In a single phase model without 
ground return the ratio of voltages at resonance, with and without 
skin effect, is the same as the skin effect ratio. In a three phase 
model the presence of shunt conductance and series resistance coupling 
bet~"een phases, and the di fferent resonant frequenci es of the phases, 
reduces the resonant peak voltages compared with single phase modelling. 
The combined effects of climate and loading on line temperatures 
alters line resistance. If the resistance ratio of a line is defined as: 
R2 
FIT ::; 
T + t2 
T + t1 (5.10) 
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where tl, t2 are the temperatures in Centigrade and T is a constant 
dependent on conductor type, (228 for hard drawn aluminium, 241 for hard 
drawn copper), then with tl = lOoC and t2 = 400 C for aluminium: 
R2 228 + 40 
fIT 228 + 10 (5.11) 
~ 1.13 
A thirty degree Centigrade change in line temperature is not unusual for 
a line with a load curve similar to that of the New Zealand system. 
Change in DC resistance and hence resonant peak magnitude voltage is 
approximately 13%. Since a transmission line forms part of a power 
system with variable conditions, it is not justifiable to include 
extremely accurate skin effect resistance ratios, valid in only a small 
number of controlled conditions. 
5.5 APPLICATIONS OF THE.CO~1PUTER r,1ODEL 
5.5.1 Harmonics Generated Along Transmission Lines 
The Islington to Kikiwa line of the New Zealand system has been 
used to test the computer model described in previous sections. 
A three dimensional graphic representation has been developed to 
provide simultaneous information of the harmonic levels along the line. 
At each harmonic (up to the 25th harmonic), one per unit positive 
sequence current is injected at the Islington end of the line. The 
voltages caused by this current injection are the same as the calculated 
impedances, where V+ gives Z++, V_ gives Z+_ and Vo gives Z+o' (the 
subscripts +, -, 0 refer to the positive, negative and zero sequences 
respectively) . 
Figures 5.12 - 5.14 illustrate the effect of two extreme cases 
of line termination (at Kikiwa), the line open circuited and short 
circuited respectively. The differences in harmonic magnitudes along 
the line are due to standing wave effects and shifting of the resonant 
frequencies Gaused by line terminations. 
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Figure 5.12 indicates the high voltages at both ends of the open 
circuited line at the half wavelength frequencies. The 25th harmonic 
illustrates the shape of the line resonance; that of a rectified cosine 
wave. The minima are sharper than the maxima and although the magnitude 
of the minima are low they are not zero. Minima or nodes are separated 
by a distance of ~ wavelength at the frequency concerned and the maxima 
and minima alternate; separated by ~ wavelength. High turrents flow on 
the line at points of low voltage. Thus at a particular frequency, high 
harmonic voltages can be used to indicate the presence of high harmonic 
currents at some point (a maximum at a ~ wavelength away) in the line. 
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FIGURE 5.12: Positive Sequence Voltage versus Frequency Along tbe 
Oren Ended Islington to Kikiwa Line 
Resonant conditions of the current along the line ar~ indicated 
in Figure 5.13a. Nodes and antinodes along the line correspond to the 
positions of voltage antinodes and nodes respectively. The one pu 
current injection at the Islington bus can be observed at the 25th 
harmonic. The incomplete ~ sine wave at this bus for the 13th harmonic 
is caused by the ~ wavelength frequency being slightly less than 650 Hz. 
A short circuited line will resonate at odd ~ wavelength 
frequencies. This is illustrated in Figure 5.14a. High current levels 
at the Kikiwa end of the line are due to the short circuit. Earlier in 
this chapter Figure 5.5 indicated that the resonant maxima decrease as 
frequency increases. However, this is not the case in Figure 5.14a. 
Points are calculated at 50 Hz intervals and if resonances do not fall 
on these frequencies a misleading impression of the magnitudes is obtained. 
It should be noted that peak magnitudes at non-harmonic frequencies may be 
greater than the values plotted. 
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(a) Positive Sequence Current 
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(c) Zero Sequence Current 
FIGURE 5.13: Sequence Currents Along the Open Ended Line for a 1 pu 
Positive Sequence Current Injectio~ 
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(a) Pas it i veSeg uence Current 
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(b) Negative Sequence Current 
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(c) Zero Sequence Current 
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FIGURE 5.14: Sequence Currents along the Short Circuited Line for a 
1 pu Positive Sequence Current In.JectlOn 
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5.5.2 Zero Sequence Harmonics in Transmission Lines Connected 
to Static Convertors 
It is the zero sequence penetration, rather than the positive 
sequence, that provides relevant information for the assessment of 
possible harmonic interference in neighbouring telephone systems. 
Presence of zero sequence in a transmission line connected to a convertor 
bridge is entirely due to asymmetries in either the convertor AC plant 
components or the transmission line itself. 
In Figure 5.14, locations of maximum zero sequence current 
coincide with those of the positive sequence. and the highest level 
produced in the test line, about 10% of the injected positive sequence 
current, occurs at the 19th harmon; c, at the Ki kivJa end of the short 
circuited line. Levels of zero sequence current are low and the scale 
change between positive and zero sequence should be pointed out. 
When 1 pu zero sequence is injected into the open circuited line, 
the zero sequence resonances of Figure 5.15 result. Levels of zero 
sequence are lower than the similar positive sequence resonance for a 
positive sequence current injection, and the resonant frequency at the 
10th harmonic is considerably different. Attenuation is greater, 
indicating that the zero sequence currents will not propagate as far. 
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FIGURE 5.15: Zero Sequence Current versus Frequency for a 1 pu 
Zero Sequence Current Injection 
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" 
When one per unit positive sequence harmonic current is now 
injected by a convertor bridge into the secondary (valve side) of a 
star-g/delta transformer connected to the same Islington to Kikiwa 
transmission line, the harmonic currents in Figure 5.16 result. Care 
should again be used when comparing positive and zero sequence 
quantities because of the scale change. 
The effects of a convertor transformer can be assessed by 
comparing the results of Figures 5.13 and 5.16. The transformer has 
little effect on the positive and negative sequence harmonic currents 
produced by the positive sequence current injection. However. the 
provision of a low impedance zero sequence path. due to the transformer 
delta connection, increases substantially the generation of zero 
sequence harmonic current. This is illustrated by the larger content 
of 13th harmonic current in 5,16c. Also the zero sequence does not have 
the same resonant frequency as Figure 5.13. 
In practical convertor installations filters reduce the harmonic 
current injection into the system considerably. Smaller current injections 
produce considerably less zero sequence in the AC system. This can be 
observed in Figure 5.17 where filters for the characteristic harmonics 
have been connected to the Islington bus. The levels are particularly 
low at 5th. 7th. 11th. 13th. and above the 17th harmonic, corresponding 
to the filter design frequencies. 
By adding a 9th harmonic filter branch it is possible to excite 
a parallel resonance at the 8th harmonic. This is shown in Figure 5.18. 
The one per unit positive sequence current injection can be seen at the 
Islington bus. This is a common situation where the filters resonate 
with the system impedance, in this case that of the line, between the 
filter design frequencies. 
Figure 5.19 illustrates the effect of a large imbalance, e.g. an 
open circuited phase in the filter bank. The pronounced coupling between 
sequence networks in this case, gives rise to considerable levels of 
zero sequence harmonic currents, with the highest level occurring at the 
14th harmonic. Levels of the three sequence networks are similar. 
..-.. 
+.l 
.,.... 
s::: 
::I 
I-
(]) 
0-
........, 
I.J.J 
Cl 
:::» 
I-
...... -Z+.l 
(.!:5 'r-
c(s::: 
::<:::1 
1-1-Z(]) 
I.J.J 0-c::: .......... 
0::: 
:::» 
u 
71 
2121 
18 
16 
14 
12 
1121 
8 
6 
4 
2 
121 
1 5 9 13 17 21 25 
ORDER HARMONIC 
(a) Positive Seguence Currents 
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5.6 PHASE D 
For conventional harmonic modelling using single phase positive 
sequence models (Breuer et al 1982), a transmission line is assumed to 
have one resonant frequency every ~ wavelength. The use of a three 
phase unbalanced transmission line model provides information on the 
individual phase voltages at resonance. The Islington to Kikiwa line 
has half wavelength resonant frequencies on open circuit that are 
different for each phase. The spread of frequencies can be seen from 
Figure 5.20 to be approximately 6 Hz. The irregular shape of the peaks 
in Figure 5.20a is caused by th~ frequency increment of 5 Hz used for 
the analysis. When this is reduced to 1 Hz in Figure 5,20b the smooth 
shape of the resonant peak is apparent. 
The different resonant frequencies and magnitudes (up to 30%) 
of the three phases, partly explains the problems encountered with 
correlating single phase modelling and measurement on the physical 
network. Results indicate that harmonics in the transmission system 
are unbalanced and three phase in nature. 
Normal transposition of a transmission line into three equal 
length sections to balance the line at fundamental frequency. has a 
detrimental effect at harmonic frequencies. Far from being balanced 
the line has very different phase magnitudes. Of interest is the two 
resonant peaks separated by almost 40 Hz for the half wavelength 
resonance of the open circuited line. The graph for the Islington to 
Kikiwa line, Figure 5.21, shows that the first peak is caused by phases 
2 and 3 while phase 1 has a low level. At the second resonant peak at 
656 Hz phase 1 has the maximum magnitude. 
In power systems where there are no line transpositions many 
resonances do not fallon multiples of the fundamental frequency and 
are thus not harmful. However, the wide bandwidth over which the 
transposed line resonates creates a greater possibility that the line 
wil1 resonate at harmon; c frequencies and thus interact with a 
harmonic source to provide high harmonic voltages and currents. 
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5.7 MUTUAL COUPLING OF DOUBLE CIRCUITS 
Considerable discussion can be found on the unbalanced effects of 
double circuit lines at fundamental frequency (Hesse 1966 and Edison 
1968). This section compares the voltages of both coupled and uncoupled 
double circuit lines, to determine the importance of coupling and the 
levels of imbalance at harmonic frequencies. The line used is sholtm in 
Figure 5.22. 
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2 conductors per 
bundle 
Bundle spacing .45m 
Conductor I 
30/3.71+7/3.71 
length 167 km 
earth resistivity 100 ~m 
FIGURE 5.22: Line Geometry of Double Circuit Line 
Sequence voltages for a 1 pu current inject-jon allm'ls investigation of 
symmetrical component impedances. By injecting positive sequence 
current, the coupling between the positive and other sequence networks 
can be examined; Z++, Z+_ and Z+o' Similarly with a 1 pu zero sequence 
current injection the voltages Vo are the same as Zoo impedances. 
Figure 5.23, for the double circuit line on open circuit, indicates the 
resonances of the sequence impedances, The magnitudes of Z+_/Z++ and 
Z+o/Z++ are 8% and 5% respectively. Coupling from the positive to the 
negative and zero sequences resonate at similar frequencies to Z++, The 
zero sequence impedance, Zoo' resonates at a lower frequency, and the 
magnitude of Zoo is considerably less than Z++, 
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When the two circuits are considered as two single circuit lines; 
that is the coupling between the circuits is removed, the impedances of 
Figure 5.24 are observed. The magnitudes and frequenctesofthe Z++ and 
Z+o resonances are quite similar to that of the double circuit line. 
The level of Z+_ has increased substantially at resonance showing 
appreciable imbalance. Zoo has a different magnitude and frequency at 
resonance than the double circuit line. 
In Robinson (1966) telephone interference caused by zero sequence 
currents did not coincide with high levels of power system harmonics. 
This is partly explained with the different resonant frequencies of 
Z++ and Zoo observed. The levels of this imbalance are similar to those 
considered by Robinson (1966). The effect this has on the imbalance of 
a transmission network will be examined in succeeding chapters. 
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5.8 CONCLUSIONS 
A transmission line model has been developed to investigate the 
coupling between the positive, negative and zero sequence circuits of 
asymmetrical transmission lines and also the generation of zero 
sequence currents from balanced convertor injected harmonic currents. 
It has been shown that skin effect has considerable influence 
on the harmonic levels under resonant conditions. Changing line 
temperatures due to climatic and loading conditions mean complicated, 
accurate skin effect models are however not justified. 
Transformer delta windings have been shown to affect the flow 
of zero sequence currents considerably .. 
The problem of resonance between convertor filters and the AC 
system in this case comprising a single circuit transmission line, was 
investigated. 
Using the three ~hase transmission line model, different resonant 
frequencies and magnitudes have been observed for each phase of a single 
transmission line. Normal line transposition balances a line at 
fundamental frequency, but not at harmonic frequencies. Transposition 
is considered to have a detrimental effect at harmonic frequencies. 
Circuit coupling affects the mutual impedance between positive 
and negative sequence networks for the line considered. Levels of 
imbalance are similar to those measured in practical tests. Zero 
sequence resonant frequencies and magnitudes are different to those of 
the positive and negative sequences, consistent with observed behaviour. 
82 
CHAPTER 6 
REDUCED TEST SYSTEM 
6.1 INTRODUCTION 
A number of researchers have written about their findings on individual 
component harmonic models, the most significant of which has been discussed 
in the previous two chapters. There are also single phase studies of small 
test systems (Campbell and Murray 1970), and larger distribution systems 
(McGranaghan et al 1981 and Littler 1982). However, the progressive 
formation of the impedance of a system from the individual component 
characteristics has not been addressed. Using this approach gives an 
understanding of network modelling at harmonic frequencies, in a situation 
where intuitive reasoning is not possible. Such an understanding is 
distinctly absent in the recent work of Mahmoud and Shultz (1982). 
A system with only a single source of harmonic current, which 
enables the measurement of system impedances, is difficult to achieve. 
Further, harmonic impedances calculated from the measured values of 
voltage and current only represent the system at the time of the tes~. 
Harmonic network modelling on the other hand uses known system 
components, along with their interconnections and couplings, to calculate 
the system impedances at any frequency. Modelling enables these 
impedances to be calculated at any point in the system and for any 
configuration . 
. A nine bus system is used in this chapter to illustrate a number 
of these advantages. It is comprised of data from the actual grid below 
Roxburgh in the South Island of New Zealand, and is detailed in Appendix 1. 
The source of harmonic interference is an aluminium smelter at Tiwai Point 
and the ni ne bus system includes the 220 kV network to two busbars away 
from this source. At Roxburgh the rest of the grid is ignored and 
because of thi s the term II reduced system" ; s an appropri ate descri pti on. 
This test system also serves to introduce the effectsof three 
phase modelling. The production of non-characteristic harmonics is 
affected by the extent of harmonic imbalance in the AC system, and the 
contribution to this by system load and generation will be investigated 
using three phase techniques. 
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6.2 GENERATOR, TRANSFORMER AND LOAD IMPEDANCES 
The step by step formation of the test system is 
initiated by examining the impedances of a number of common system 
components. The impedances of a generator model with constant phase angle 
is illustrated in the linear impedance plot of Figure 6.1a. The impedance 
plot of the combination of the generator and its associated transformer, 
illustrated in Figure 6.1b,indicates the need to include transformer 
modelling. 
Loads are also major elements that need to be included. The presence 
of a 90 MW and 54 MVAR load connected to the same bus as the generator and 
also fed by a transformer, illustrates the damping effect of the load. 
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FIGURE 6.1: Polar Plot of the Generator, Transformer and Load 
Impedances at Roxburgh 
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6.3 CONNECTION OF COMPONENTS TO TRANSMISSION LINES 
\ t \ ",I c 
The s!Apdingcwave effects of two separate 220 kV transmission lines 
between Invercargill and Roxburgh are modelled in Figure 6.2. The short 
and open circuited lines have quarter and half wavelength resonant 
frequencies as expected from discussion in the previous chapter. 
When the generator and its associated transformer, from Section 6.2, 
are connected to the Roxbur~h end of the lines, the positive sequence 
voltage for a 1 pu current injection at Invercargill, has a lower magnitude 
at resonance than the extreme cases of termination. Moreover, the resonant 
frequencies lie between those of the open circuit and short circuit cases. 
As the impedances of the generator and transformer increase with frequency, 
so the voltage magnitudes also increase with frequency; this is evidenced 
by the higher second peak at the 24th harmonic in Figure 6.2. 
Connection of the load transformer and load to the Roxburgh bus 
reduces the resonant peaks and increas~slightly the resonant frequencies. 
The corresponding phase angles for the above cases are plotted in 
Figure 6.3. At resonance the phase angles change by approximately 
180 degrees, from inductive to capacitive and vice versa. The higher the 
resonant peak magnitude the smaller the frequency range over which this 
occurs. The high rate of change of phase angles at resonance indicates 
that the system voltages and currents will be very sensitive to 
parameter variations,and explains the less accurate simulations found by 
Breuer et al (1982) at these points. 
The polar plot of impedance in Figure 6.4 for the open circuited 
line shows a circular shape with very little damping. At fundamental 
frequency the line is capacitive although this is difficult to observe. 
As the frequency increases the line approaches a series resonance, a 
minimum impedance at which point the impedance is purely resistive and 
the phase angle becomes inductive. The impedance increases 
in magnitude, moving in a clockwise direction with increasing frequency. 
As the indicated parallel resonance is approached, the sensitivity 
observed in the phase plot becomes apparent. The line has a maximum 
impedance at the point it crosses the real axis, and is resistive only. 
As frequency increases the line again becomes capacitive. 
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The polar plot includes both the magnitude and the phase angle 
information contained in Figure 6.2 and Figure 6.3. To convert from pu 
voltages on a 100 MVA base with a 1 pu current injection, to impedances 
at 220 kV, multiply by 484. 
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FIGURE 6.4: Polar Plot of the Impedance of the Open Circuited 
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6.4 
The six line system of Figure 6.5 was constructed as the next 
step in progressively increasing the complexity of the AC system. 
--i--r--r-----"'f"""'''1''''''''..!-- MA NA POUR r 
.......,!"""""I_ ........ """'I"" ...... INVERCARGILL 
TIWAI 
1PU/ 
135 MW 36 MVAR 
FIGURE 6.5: Six Line System Including Load and Generation 
Figure 6.6 illustrates the voltages with no load or generation for 
a 1 pu current injection at Tiwai. Typical standing wave effects for 
the length of lines are shown. ~!hen first generation in Figure 6.6c and 
then load in Figure 6.6d are added with the associated transformers. 
similar effects to the previous section are observed. The resonances 
lie between open and short circuit resonant frequencies, with reduced 
magnitudes compared with the extreme cases of termination. The voltage 
levels at resonance in Figure 6.6 are lower than those for the Roxburgh 
lines in the previous section due to the increased length and number of 
lines. 
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FIGURE 6.6: Positive Seguence Voltage Magnitude at Tiwai versus Freguency 
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(a) open circuit 
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(c) generator and generator transformer 
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6.5 
Adding the Invercargill to Roxburgh lines to the lines between 
Manapouri, Invercargill and T;wai, Figure 6.7, completes the progressive 
formation of the test network . 
.......j--,.---......,..-!-..... MANAP OUR I ~~----~-ROXBURGH 
TIWAI 90 MW 54 MVAR 
FIGURE 6.7: Reduced System Including Load and Generation 
The voltages of Figure 6.8 for this system indicate resonant 
frequencies that do not correspond to the frequencies of the two individual 
systems in Section 6.3 and 6.4, that were combined together. This is an 
important point; the resonant frequencies of transmission lines in a 
network are significantly affected by the interconnections of the network. 
The voltage levels at Tiwai have decreased with the increase in system 
size, and there are now two resonances around the 18th harmonic, one of 
sma 11 er magni tude than the other. The voltage phase angl es for the Ti wa; 
bus are plotted in Figure 6.9, and the smaller of the two resonances, at 
the 17th harmonic, ;s shown to cause the phase angles to drop and then 
recover. 
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This resonance is observed as the smaller loo~ in the inductive 
quadrant of Figure 6.10. As the complexity of the AC system increases, 
the impedance plot progressively becomes more cluttered with loops due to 
resonant transmission lines. 
An appreciation of the voltages over a whole system is obtained 
using the three dimensional diagram of Figure 6.11. The lower voltages 
on the transformer secondaries, namely the generator and load busbars, are 
apparent. The two major resonances between the 4th and 5th harmonics and 
between the 19th and 20th harmonic observed in Figure 6.8c at Tiwai, occur 
at all the busbars. The smaller resonance at the 17th harmonic at Tiwai, 
does not however propagate in the Roxburgh region. It cannot be assumed 
that resonant frequencies at the point of harmonic injection will 
be the same at other busbars. 
6.6 VOLTAGE SENSITIVITY TO LINE PARAMETER VARIATION 
By selectively reducing the line lengths and observing the voltages 
at Tiwai, the lines which most affect resonant conditions are determined. 
The results are illustrated in Figure 6.12. 
A 5% reduction in length in the Tiwai to Manapouri lines causes 
the two resonant frequencies around the 18th harmonic to shift by 
approximately 20 Hz. A 5% decrease in the line lengths for the lines from 
Roxburgh to Invercargill does not change the smaller resonant frequency, 
but changes that between the 19th and 20th harmonics by approximately 10 Hz. 
Lines closest to the point of injection have the largest 
effect on system resonances. The sensitivity of the voltages to lines 
connected to the point of injection, indicates that line parameters for 
these lines will be required to a greater level of accuracy than lines 
more distant in the network. 
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FIGURE 6.12: Positive Sequence Voltage ~1agnitude versus Frequency for 
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(a) Reduced system including generation and loads 
(b) Tiwai to Manapouri lines 5% shorter 
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6.7 THREE PHASE IMPEDANCES OF THE REDUCED SYSTEM 
The unbalanced nature of the tran~mission network can be illustrated 
by plotting equivalent phase impedances. The imbalance in the phases of 
Figure 6.13 is low at fundamental frequency, but increases towards the first 
parallel resonance between the 4th and the 5th harmonics, at which point 
the magnitude differences are of the order of 30%. The imbalance is caused 
by the assymetry in transmi ss i on 1 i ne conductor' geometri es and consequent 
differences in the ,mutua 1 impedances between phases. The seri es resonance 
at the 11th harmonic exhibits low levels of imbalance, and the second 
parallel resonance between the 19th and the 20th harmonics, again shows 
considerable differences in the impedances between phases. High levels of 
imbalance at parallel resonant frequencies assist in explaining the 
difficulties being experienced with correlating single phase simulation 
results with measured tests (McGranaghan et al 1981 and Breuer et al 1982). 
While most system loads are nearly balanced, this is not the case 
with single phase traction supplies (Winthrop 1983). This has been simulated 
by applying unbalanced loads of 10%; that is reducing phase 1 load by 10% 
and increasing phase 3 load by 10%. Results are also pl,otted in Figure 6.13 
The imbalance in impedance at the two parallel resonant points increases 
with load imbalance. The three phase model can be used to determine the 
effect of multiple single phase injections at different locations, 
simulating the traction loads. 
6.8 HARMONIC UNBALANCE FACTOR 
Harmonic imbalance in the AC system will affect the three phase 
voltage waveforms, and hence the zero crossings used in convertor control. 
As a consequence, harmonic imbalance will affect the non-characteristic 
harmonics produced by this plant. 
At fundamental frequency an "unbalance factor" is used to indicate 
the extent of unbalanced system condi ti ons, (Roper and Leedham 1974). 
The use of such an index at harmonic frequencies, gives a simple measure 
of imbalance. Table 6.1 includes the values of the unbalance factor at 
parallel resonances, defined as the ratio of negative sequence voltage to 
positive sequence voltage, for a balanced 1 pu current injection. The 
values of the unbalance factor are largest at parallel resonant frequencies 
and hence Table 6.1 represents maximum levels. 
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TABLE 6.1: Values of the Unbalance Factor at Parallel Resonances for Various 
Terminations of the Reduced System 
Harmonic Unbalance Factor 
Reduced system, no generation or load 17th 2.4.8% 
Reduced system, generation only 19th 10.1% 
Reduced system, generation and 100% load 20th 6.2% 
Reduced system, generation and 100% load 
with phasing the same on each ci rcuit 20th 17.2% 
The unbalance factor is greatest with a network comprised of only 
the transmission lines. The connection of both generation and load, the 
models of which are balanced, reduces the unbalance factor. At periods 
of light load therefore, the .AC system is more unbalanc~d than at times 
of high load, and the generation of convertor non-characteristic harmonics 
will increase accordingly. At light load however, the level of harmonics 
will be higher, and so imbalance is only one factor in the production of 
these non-characteristic harmonics. 
The last entry in Table 6.1 is for the system with both load and 
generation, and altered line phasing as indicated in Figure 6.14. The 
position of phases in double circuit lines is varied in each circuit as in 
Figure 6.14a to minimise the fundamental frequency imbalance. ~~hen the 
phase positions are altered to be the same in each circuit, illustrated 
in Figure 6.14b, the unbalance factor rises substantially to 17.2%. 
Conductor geometries are thus important in unbalanced harmonic penetration 
analysis. 
(a) common arrangement 
Y 
-=--+--H-"":;:""'Y 
R 
(b) phase positions the same in each 
circuit 
FIGURE 6.14: Examples of Different Tower Conductor Arrangements 
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6.9 CONCLUSIONS 
The unbalanced nature of the AC system at harmonic frequencies has 
been shown to be significant. indicating the approximation of single phase 
analysis. Harmonic penetration has been introduced using a simple system 
comprising two lines terminated in generation and load. By progressively 
adding more lines. transformers. generators and loads to this case, the 
complicated network response of a large interconnected power system is 
avoided. 
As the intricacy of the network increases, the harmonic voltage 
and impedance plots show a corresponding increase in complexity. The 
resonant frequencies which occur in an intricate system have been shown 
to be dependent on all the components of the power system, not just the 
transmission lines. 
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CHAPTER 7 
THREE PHASE HARMONIC PENETRATION 
7.1 INTRODUCTION 
In fault studies symmetrical component analysis is used to determine 
the fault currents, and generally the sequence networks in these studies 
are considered as uncoupled. Previous attempts to consider the unbalanced 
nature of harmonic problems {Howroyd 1977 and Littler 1977} have used this 
approach. It;s the purpose of this chapter to perform studies in the 
phase frame of reference where this coupling is inherent, and show that 
phase analysis accurately and simply duplicates unbalanced conditions. 
By. comparing measured impedances with simulated impedances, a best 
fit of models from the alternatives available can be chosen and these 
models used for studies where .there are no corresponding measurements. 
Such studies include investigating the sensitivity of a network to 
changes in component impedances. This enables the critical components 
needed to assure model validity to be isolated. The importance of three 
phase techniques can be put in perspective by duplicating single phase 
results and comparing the voltage variations in the network. 
There are a number of practical restrictions in modelling due to 
the temperature vari ati on of l"i ne conductors and ground res is ti vity 
inconsistencies. These limitations indicate an accuracy which modelling 
cannot hope to better. 
7.2 TEST SYSTEM 
The interconnectiomfor the New Zealand South Island electric power 
transmission system used for simulation in this chapter are presented in 
Figure 7.1. Appendix 2 includes details of the modelled system including 
generation, maximum loadings, transformer reactances and line geometry 
data. The transmission network above Bromley is represented by a single 
load of 500 MW •. 95 po~er factor. Similarly at Timaru. on the 110 kV 
network, a 50 MW, .95 power factor load was added as an equivalent for the 
network at this busbar. 
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FIGURE 7.1: New Zealand South Island 
Transmission S stem Below Bromley 
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The values in Table 7.1 compare the simulated results of this network 
with modelling the whole Sou tIl Island grid. These results were obtained 
using the single phase program ELAFANT. The bus bars in the table. except 
for Tiwai, are close to Bromley and Timaru and represent the largest 
errors obtained. The use of only part of the South Island nebmrk, while 
undes i rab 1 e, is acceptable in thi s case. Using a 1 arger network is 
unjustified due to the paucity of records kept at the time of the tests. 
This will be discussed in more detail in Section 7.5. 
TABLE 7.1: Comparison of Simulated Voltages for the System Below Bromley 
and the Whole South Island Network 
250 Hz 850 Hz 
Busbar South Test South Test 
'Island System Island System 
System System 
Gl enary .87 1.21 .24 .16 
Livingstone .61 .78 .26 .13 
Twizel .56 .78 .11 .16 
Till/a; 3.28 2.93 .50 .49 
, Data for the transmission lines connected to Manapouri was 
unsatisfactory. Although information on the different sections was 
available, the mountainous and forested terrain made accurate line 
parameters difficult to determine. These lines affect the sensitive 
parallel resonance at 17th harmonic, and therefore represent the most 
arduous conditions possible. The lack of acceptable data was overcome 
by lengthening the lines by 9 km and approximating the multitude of 
sections to one single section. This length was chosen to give correct 
resonance with measured impedance data at the 17th harmonic. 
This represents a 6% increase in the length of the Manapouri to 
Invercargill lines and hence a similar increase in the line parameters. 
Commissioning tests on Line 2 showed an average difference in the measured 
.. 
and calculated impedance angles of 11% (New Zealand Electricity 1970). 
Measured data therefore supports the differences in line parameters found 
at harmonic frequencies. 
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Harmonic tests conducted by New Zealand Electricity, used for 
comparison with simulated data in this chapter refer to a test where the 
Tiwai aluminium smelter was operating on 7 rectiformers, with harmonic 
filters out of service (Hyland 1981). Maximum harmonic currents were thus 
injected and maximum voltage levels measured on the system. At Benmore 
the HVDC link between the South and North Islands was connected to the 
system in normal 12 pulse configuration. Filters at that site were in 
service and the effect of this source was thus minimised. Harmonic 
measurements were made simultaneously at six sites in the system. Yellow 
phase was used at all sites except at Tiwai where all three phases were 
measured. 
The currents measured at Tiwai assuming 120 degrees between the 
phase voltages are documented in Table 7.2. 
TABLE 7.2: Current Injections at Tiwai for 7 Rectiformer Operation (Amps) 
Harmonic Phase 1 Phase 2 Phase 3 
5th 16.2 ~ 17.3 /-153 17.3 ~ 
7th 8.9 /-43 9.7 /-151 8.5 L.2i. 
11th 4.2 L2i. 5.1/-51 5.1 L!82 
13th 2.4 LR 3.5 / -50 3.1 L206 
17th 4.5 ill 4.6/ -97 4.6 /134 
19th 3.0 /-40 3.8/-148 2.9 L 90 
23rd 4.1 Hi.. 4.0 /-150 3.9 /75 
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7.3 MODEL SELECTION 
To select system component models from the range available a comparison 
of measured and simulated impedances at Tiwai, the current injection busba~ 
; s used. 
Changing component models has the greatest effect on the magnitude and 
phase angles at the parallel resonant frequencies. Consequently. the measured 
values of the 5th and 17th harmonic impedances have been compared to the 
simulated values. The different generator, load and transformer models used 
in Table 7.3 are the same as those discussed in Chapter 4 and are 
summarised for clarity in Figure 7.2. 
The effect of load modelling on harmonic impedances is indicated in 
cases 1-4, with load model A appearing the most satisfactory. The results 
using load models Band D are similar showing that the representation of 
frequency dependence in the reactance has only a small effect. 
Transformer model variation is indicated in cases 5-8. There is 
little difference between transformer models A, D and E while the series 
RL models, Band C, are not as satisfactory. 
The results of cases 9-11, where generator model B was introduced, 
show less acceptable agreement with the measured data than those of 
generator model A. 
Case 1 models will be used in the examples of this chapter, although 
there is no single model combination that is substantially better than 
others. The models chosen give a best fit to the measured data for the 
test system used. 
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TABLE 7.3: Measured and Simulated Values of Harmonic Impedances at Tiwai 
with Oi fferent Generator, Load and Trans former ~1ode 1 s (ohms) 
Trans- Gener .. Load 5th 17th Case. former ator ~1ode 1 harmonic harmonic Model ~1ode 1 
Measured R 138 - j 68 491 + j 95 
Y 112 .. j 73 422 + j179 
B 150 .. j109 489 + j 117 
187 - j 104 479 + j 145 
1 A A A 136 .. j 66 425 + j122 
168 .. j 75 348 + j182 
183 .. j121 441 + j152 
2 A A B 132 .. j 80 392 + j 130 
164 - j 90 324 + j184 
193 .. j104 403 + j 132 
3 A A C 145 .. j 68 362 + j114 
173 .. j 80 301 + j160 
189 - j114 438 + j143 
4 A A 0 138 .. j 75 389 + j122 
169 .. j 85 323 + j176 
174 .. j 89 411 + j 60 
5 B A A 130 .. j 55 369 + j 57 
153 .. j 62 326 + j114 
192 .. j 74 386 + J101 
6 C A A 144 .. j 48 350 + j 91 
169 .. j 45 300 + j 136 
173 .. j 86 484 + j147 
7 0 A A 128 .. j 54 429 + j124 
151 .. j 61 351 + j185 
184 - j 100 483 + j154 
8 E A A 135 - j 63 429 + j129 
165 - j 72 .349 + j188 
234 .. j 90 415 + j201 
9 A B A 164 .. j 59 381 + j 175 
203 - j 54 297 + j208 
228 .. j 40 335 + j131 
10 C B A 168 .. j 29 310 + j121 
190 - j 13 259 + j148 
233 .. j 50 322 + j125 
11 C B 0 173 - j 36 298 + j 115 
196 .. j 21 250 + j145 
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FIGURE 7.2: Summary of Component Models 
Transformer models: 
A. 180XSO 
B. 
C. As for B except Rand X50 are 
scaled to 80% of the 50 Hz values. 
D. 
Rp 
corresponding to a 30 MVA rating. 
R 
E. As for D but corresponding to a 100 MVA rating. 
Synchronous Generator Models: 
A. 100% of the subtransient reactance with a power factor of 0.2. 
B. 80% of the subtransient reactance with a power factor of 0.2. 
Load Models: 
A. B. 
2 
r=i jhR/(6.7~~~ - 0.74) 
C. D. 
105 
When the models of case 1 are used to calculate impedances over 
the frequency range 50-1250 Hz, the plot of Figure 7.3 ;s obtained. 
Reasonable agreement with measured results is indicated for the 
characteristic harmonics. 
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FIGURE 7.3: Measured and Simulated Yellow Phase Characteristic Harmonic 
Impedances for the South Island Transmission System from 
Tiwai 220 kV Busbar. 
x simulated 
o measured 
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7.4 VOLTAGE SENSITIVITY TO INDIVIDUAL COMPONENT IMPEDANCES 
7.4.1 Introduction 
This section investigates the variation of system voltages in 
order to decide the accuracy of the component data necessary. Balanced 
current injections of 17 Amps 5th harmonic and 4.6 Amps 17th harmonic 
are used, corresponding to the levels measured at Tiwai. 
To compare different results, the voltages at all the selected 
busbars will be summed, and the average referred to as the average voltage. 
The larger the number of busbars used the more representative the 
average voltage will be of overall system conditions. Such an approach 
gives a simple and practical solution to the problem of comparing 
voltages at a number of busbars for different tests. By using a defined 
variation in component impedances, generally 10%, the average voltage 
enables a quantitative assessment of network sensitivity. 
A map of the South Island is used to present results and associated 
with selected system busbars is a table containing four positions. The 
voltages for a particular study are placed in the same position at each 
busbar. The positions will be referred to by the numbers 1-4. The 
standard case using the models determined in the previous section and 
the current injection above will be placed in position 1. 
7.4.2 Transformer Impedance Variation 
All the transformer impedances are decreased and increased by 10%. 
The voltages obtained at the selected busbars, for the .balanced current 
injection at Tiwai, are tabulated in Figure 7.4. 
Features of the results include: 
both decreasing and increasing the impedances by 10% changes 
the average voltage by the same amount. 
- with higher transformer impedance, higher voltages would be expected 
in a power flow program. This is the case for the 17th harmonic 
but not for the 5th harmonic. 
the sensitivity of the voltage to transformer impedance increases with· 
frequency, i.e. the average voltage variation is 2% for the 5th and 
5% for the 17th harmonic. 
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FIGURE 7.4{a): Percentage Voltage for Transformer Impedance 
Variation at 5th Harmonic 
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FIGURE 7.4(b): Percentage Voltage for Transform:r Impedance 
Variation at 17th Harmonic 
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Even at the 17th harmonic system voltages are not sensitive to 
transformer impedance variation and therefore e~act transformer data is 
not critical to program accuracy. 
7.4.3 Generator Impedance Variation 
Generator impedances are decreased and increased by 10% from the 
standard case, for both the 5th and 17th harmonics. The changes in 
voltage illustrated in Figure 7.5 show the following features: 
both increasing and decreasing generator impedance result in the 
same average voltage variations. 
- with increased generator impedances, higher voltages would be expected. 
However this ;s not so for the 5th harmonic, indicating that 
harmonic voltages cannot be predicted using intuitive understanding. 
the sensitivity of voltage to generation changes decreases slightly 
as frequency increases; i.e. the average voltage changed 4% for the 
5th harmonic and 3% for the 17th harmonic. 
From the above observations generator data does not need to be 
known exactly. A generator unit within a station for instance, could 
be removed from the system without affecting the simulation validity. 
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FIGURE 7.5(a): Petcentage Voltage for Generator Impedance 
Variation at 5th Harmonic 
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FIGURE 7.5(b): Perce~tage Voltage for Generator Impedance 
Variation at 17th Harmonic 
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7.4.4 Load Level Variation 
The load level used in the standard case was 50% of the maximum 
loading on each busbar. Variations of 10% in this level lead to the 
following observations from Figure 7.6: 
there is a 4% change in average voltage at the 5th harmonic for 
both decreasing and increasing load levels. 
- a decrease in load level (increasing load impedances) causes an 
increase in voltage levels. This is the opposite effect to 
transformer and generator impedance variation indicating the 
differences that occur between the component models. 
- the average voltage at 17th harmonic is insensitive to load level 
variation, however. individual bus bar voltages vary by percentages 
similar to the 5th harmonic. 
The low sensitivity to load variation within a normal range makes 
the assumption of a constant percentage load for all busbars acceptable. 
There is some controversy at present as to whether loads need be 
modelled at all, (Breuer et al 1982 and McGranaghan 1983). The no load 
case is simulated in Figure 7.7. Large variations, compared with the 
50% load case, are observed for both the 5th and 17th harmonic voltages, 
i.e. 63% for the 5th harmonic and 36% for the 17th harmonic. The results 
are conclusive; load modelling should not be neglected. 
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FIGURE 7.6(a): Percentage Voltage for Load Level Variation 
at 5th Harmoni"c 
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FIGURE 7.6(b): Percentage Voltage for Load Level Variation 
at 17th Harmonic 
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FIGURE 7.7(a): Percentage Voltage on No Load at 5th Harmonic 
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FIGURE 7.7(b): Percentage Vol.tage on No Load at 17th Harmonic 
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7.4.5 Line Parameter Variation 
To vary the line parameters, all lines are shortened and lengthened 
by 1%. Figure 7.8 shows the sensitivity of voltage at the 5th and 17th 
harmonics t6 this variation. 
Conclusions which can be drawn from these results are: 
shortening and lenghtening the lines by 1%, increases and decreases 
respectively the 5th harmonic average voltage by 2%. 
shortening the lines by 1% decreases the 17th harmonic average 
voltage by 39%. This is a very large variation. 
lengthening the lines by 1% increases the 17th harmonic average 
voltage by 9%. Some busbars show voltage decreases however. 
- when the lines between Manapouri, Invercargill and Tiwai are 
shortened by 1% (the others remaining at their design length) 
there is little difference in the voltages compared with 
position 2 results. 
Lines connected to the injection bus bar affect the voltage levels 
more than lines further away and at the 17th harmonic 
vary uniformly with transmission line length. 
From the above observations it is clear that the system is an 
order of magnitude more sensitive to changes in line parameters than to 
other component model variations, justifying the more detailed three 
phase transmission line model developed. The voltage sensitivity to line 
parameters is however beyond the accuracy capability of even this model. 
This represents a serious restriction on the ability of harmonic modelling 
to duplicate system results for the injection at the Tiwai Point 
Aluminium smelter. 
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FIGURE 7.8(a): Percentage Voltage for Line Length Variation 
at 5th Harmonic 
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FIGURE 7.8(b): Percentage Voltage for Line Length Variation 
at 17th Harmonic 
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7.5 COMPARISON OF MEASURED AND SIMULATED VOLTAGES 
The validity of any computer model depends on its ability to match 
actual system conditions. Extensive test results available are 
used for this purpose (Hyland 1981). Component models are as previously 
discussed for case 1 Section 7.3. and current injections from Table 7.2 
injected at Tiwai. 
In Table 7.4 the measured voltages have been compared to the values 
obtained by the three phase harmonic simulation program. There is good 
agreement between the results for the 5th and 17th harmonics and the low 
measured values of the 11th and 13th harmonicsare verified. Values at 
busbars substantial distances from the injection point, namely Benmore 
and Bromley, show reasonable agreement. particularly when it is considered 
that modelling at Bromley is only approximate. 
Simulated results for Halfway Bush are low at the 5th and 7th 
harmonics and at Manapouri there is considerable simulated voltage but 
almost none measured at these same frequencies. 
At Tiwai there is poor agreement between measured and simulated 
phase values. The variation of voltage over the three phases ;s similar 
but the individual phase magnitudes do not show acceptable agreement. 
Possible reasonS for the inconsistencies experienced include: 
a second source of current injection was connected to the grid at 
Benmore. It is difficult to make accurate comparisons unless the 
current injections for all sources are known and can be modelled. No 
accurate information on the injection at Benmore was available. 
- the accuracy of transducers and measuring instruments was suspect. 
The non-linearity of transducers, particularly voltage transducers, 
has been previously discussed. This is a possible source of error 
at r1anapouri and Halfway Bush where CVTs VJere used. 
- an insufficient number of parameters were measured. The three phase 
nature of harmonics dictates that 12 separate variables be measured 
at each bus .. For each phase the magnitude of the current injection 
and voltage, and the angles of both quantities to a common reference 
are required. In the tests referred to only nine of these variables 
were recorded at Tiwai.Voltages on each phase were assumed to be 
separated by 120 degrees for the simUlation studies. 
TABLE 7.4: Comparison of Measured and Simulated Harmonic Voltages (percent of nominal phase to neutral voltage) 
TIWAI R 
Y 
B 
INVERCARGILL 
MANAPOURI 
BENMORE 
HALFWAY BUSH 
BROMLEY 
M - measured 
S - simulated 
5th 
M S 
1.96 2.51 
1. 83 2.34 
2.52 2.46 
1. 76 2.05 
0.1 2.10 
0.29 0.49 
1. 78 1.34 
10.42 0.95 
7th 11th 
M S ~1 
0.72 0.80 0.12 
0.71 1.09 0.05 
0.63 0.47 0.03 
0.50 0.84 0.07 
i 0.02 0.66 0.01 
I 
I 0.13 0.07 0.06 
I 0.77 0.38 0.23 
0.23 0.17 0.13 
13th 17th i 19th 
S M S M S ~1 r s 
0.04 0.18 0.10 1.77 1. 76 0.23 0.16 
0.05 0.09 0.11 1.66 1.58 0.17 0.23 
0.07 0.08 0.19 1. 75 1.48 0.11 0.10 
0.03 0.00 0.01 0.69 0.59 0.10 0.17 
0.25 .03 0.16 1.64 1.56 0.00 0.24 
0.00 0.07 0.00 . 0.09 . 0.12 0.00 0.11 
0.02 0.00 0.03 0.85 0.47 0.20 0.21 
0.00 0.08 D.OOl - 00 0.09 
23rd 
M S 
0.31 0.27 
0.27 0.22 
0.27 0.31 
0.35 0.34 
0.00 0.29 
0.04 0.26 
0.00 0.19 
0.08 0. 08 1 
122 
the single line diagram of the system at the time of the tests was 
incomplete. Because inadequate attention was paid to recording the 
connected generation it was necessary to assume that all generation 
was operating. 
- transmission line data could not be obtained to the necessary 
accuracy for the lines to Manapouri. 
7.6 IMPEDANCE IMBALANCE 
In Figure 7.9 the complete system impedance loci for the three 
phases of the South Island system, as seen from Tiwai, is presented. 
Coupling between phases and circuits is responsible for the considerable 
imbalance which exists at various harmonic frequencies and particularly 
at the resonances near the 5th and 17th harmonics. 
FIGURE 7.9: Equivalent Impedances for the South island System 
1) Red Phase 2) Yellow Phase 3) Blue Phase 
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The voltages at selected busbars in Figure 7.10~ for a balanced 
current ;nject;o~ illustrate the sequence components of the unbalanced 
system. Levels of negative and zero sequence voltage up to 20% of the 
positive sequence values are apparent. The generator busbars Roxburgh 
1011~ Manapouri 1014, M~napouri 2014 and Manapouri 3014; have reduced 
voltage levels caused by the voltage drop through the respective 
transformers. Also, these busbars have no zero sequence voltages because 
the generator transformers are star-g/delta connected and act as a short 
circuit on the primary to any zero sequence current flow. 
The resonant frequencies of the zero sequence voltages do not 
always correspond to those of the positive sequence, and this is the case 
in Figure 7.1~where the zero sequence voltage is in fact resonating 
closer to the 6th harmonic. 
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FIGURE 7.10: (a) Positive Sequence Voltages at Selected Busbars for 
Positive Sequence Current Injection at Tiwai Normalized to 1 p.u. 
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FIGURE 7.10: (b) Negative Sequence Voltages for Normalized Positive 
Sequence Current Injection at Tiwai 
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FIGURE 7.10: (c) Zero Sequence Voltages for Normalized Positive 
Sequence Current Injection at Tiwai 
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7.7 CIRCUIT COUPLING 
When difficulty was found in obtaining accurate single phase 
simulations one hypothesis was that line coupling was responsible. To 
test this effect the off-diagonal 3x3 blocks in the series impedance and 
shunt admittance matrices for each line, are set to zero. 
Figure 7.11 indicates the effect of removing circuit coupling for 
a netltJOrk with a balanced current i njecti on at Tiwai of 17 Amps 5th and 
4.6 Amps 17th harmonic. The results in position 1 tabulate the positive 
sequence voltage with coupling, the standard case~ and in position 2 the 
coupling has been removed. A 2% increase in 5th harmon;caverage voltage 
is observed while at the 17th harmonic the differen~e in the average 
voltage due to coupling increases to 8%. 
The negative sequence voltages show considerably greater effects 
due to coupling. The ratio V-/V+ in percent is tabulated, for the coupled 
lines in position 3 and for uncoupl~d lines in position 4. Levels 
generally increase when the coupling is removed and are higher at the 17th 
harmonic. 
Certainly for single phase modelling lack of circuit coupling is 
not a major source of inaccuracy. 
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FIGURE 7.11(a): Percentage Voltage for Single Circuit Coupl~ 
at 5th Harmonic 
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FIGURE 7.11(b): Percentage Voltage for Single Circuit Coupling 
at 17th Harmonic 
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7.8 SINGLE PHASE MODELLING 
When the current injections can be considered balanced, a single 
phase positive sequence model ;s assumed accurate (Breuer et al 1982). 
To duplicate single phase modelling using the three phase program, the 
coupling between circuits and sequence networks is removed as well 
as the frequency dependence of the ground return model. 
The series impedance and shunt admittance matrices for each line 
of the test system are converted to symmetrical components, and the off-
diagonal terms set to zero. The diagonal matrices are then reconverted 
to phase components, the result being balanced lines with no circuit 
coupling. 
The single phase model, ELAFANT, inputs self positive sequence 
impedances and admittances for each line calculated at fundamental 
frequency. To duplicate this the earth return parameters are set constant 
at the 50 Hz values in HARMAC. Skin effect can be modelled in single 
phase programs and so this is retained. 
If only positive sequence currents are injected then the positive 
sequence voltages represent those obtained in a single phase program 
the negative and zero sequence quantities being zero. 
The results of Figure 7.12 for 17 Amps 5th harmonic and 4.6 Amps 
17th harmonic injections indicate a 2% increase in the average voltage 
for the 5th harmonic, compared to the standard three phase study, and 
12% for the 17th harmonic. By comparing these results with those from 
the previous section, most of the voltage variation can be attributed 
to the removal of circuit coupling. As the frequency increases.; so the 
coupling between sequence networks increases, indicating greater levels 
of imbalance. With balanced harmonic current injections the difference 
between single phase and three phase models does not account for the 
modelling inaccuracies experienced by Breuer et al (1982). 
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FIGURE 7.12(a): Percentage Voltage for Single Phase Modelling 
at 5th Harmonic 
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FIGURE 7.12(b): Percentage Voltage for Single Phase t~odelling 
at 17th Harmonic 
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7.9 NETWORK ASSUMPTIONS 
7.9.1 Temperature Variation 
Transmission line resistances are generally not assumed to vary 
with temperature in harmonic penetration modelling. In a power system 
however~ climatic and loading conditions cause the conductor temperatures 
to change. A 30 degree Centigrade increase is modelled by increasing the 
conductor resistances as discussed in Chapter 5.4. 
With reference to Figure 7.13, the voltages caused by this increase 
in temperature are included in position 2 and can be compared with the 
standard case for normal 20 degree Centigrade conductor temperatures. At 
the 5th harmonic the average voltage reduces by less than 1% whereas at 
the 17th harmonic it decreases by 5%. The network is closer to a parallel 
resonance at the 17th harmonic, and the increased effect from the line 
resistance is expected. 
7.9.2 Skin Effect 
Skin effect ratios inf1uence line resistance and increase with 
i frequency. The importance of skin effect modelling is indicated in the 
y!" 
~. results of position 3 in Figure 7.13. When this effect is removed from 
the line resistance, an increase in the positive sequence average voltage 
of 25%, at the 17th harmonic, is observed. Skin effect modelling has a 
greater influence than temperature variation and again the greatest 
influence is at the 17th harmonic resonance. 
7.9.3 Earth Resistivity Variation 
Earth resistivity is assumed constant over the whole network and 
independent of seasonal fluctuations; a value of 100 ~m has been used 
C throughout this thesis. Neither of these assumptions are accurate, 
considering the variation of ground soil types and water levels during 
any year. 
Figure 7.14 shows the positive sequence voltages, for the case of 
p = 100 ~m, the standard case. When the resistivity is increased to 
1000 ~m there is very little change in the positive sequence voltages, 
however, the levels of zero sequence voltage fluctuate. The position 2 
results includes the percentage of Vo/V+ for p = 100 ~m while position 3 
i 11 us trates thi s rati 0 for p = 1000 ~m. 
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FIGURE 7.13(a): Percentage Voltage for Temperature Variation and Skin 
f::ffect Modelling at 5th Harmonic 
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FIGURE 7.13(b): Percentage Voltage for Temperature Variation and Skin 
Effect Modelling at 17th Harmonic 
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Voltage for Resistivity Variation at 
c 
t 
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Positions Study Conditions 
( 1) p 100 nm Standard Case 
(2) % Vo = 100 nm V+ p 
(3) % Vo = 1000 nm V+ p 
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FIGURE 7. 14(b): Percentage Voltage for Resistivity Variation at 
17th Harmonic 
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At the 5th harmonic, the ratios of zero sequence voltage to positive 
sequence voltage are less than 8% and the maximum variation with resistivity 
change is only 2%. 
However, at the 17th harmonic the levels of zero sequence are 
considerably larger, and changes in resistivity cause increases in Vo at 
somebusbars, and decreases at others. This indicates the zero sequence 
resonant frequencies as well as the magnitudes are varying. While 
resistivity affects the zero sequence voltages in a network it is not 
important in improving the accuracy of positive sequence studies. 
7.10 UNBALANCED HARr~ONIC CURRENT INJECTIONS 
The harmonic currents injected into the AC system by a convertor are, 
in general, unbalanced between phases; the imbalance being more extreme 
for the case of non-characteristic harmonic orders. Only a three phase 
model, which includes couplin~ and impedance imbalance, can accurately 
assess the effect of unbalancfficurrent injection. 
Unbalanced currents of 1/00 pu, 0.65/-1200 pu and 0.65/1200 pu were 
injected into the test system at the Tiwai bus. The three dimensional 
diagrams of Figure 7.15 show the positive, negative and zero sequence 
voltages for selected busbars in the system. 
These can be compared with the balanced current injection case 
of Figure 7.10. With unbalanced current injection, the levels of 
negative and zero sequence voltage are considerably higher. 
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FIGURE 7.15: (a) Positive Sequence Voltages at Selected Busbars for 
Unbalanced Current Injection at Tiwai 
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FIGURE 7.15: (b) Negative Sequence Voltages for Unbalanced Current 
Injection at Tiwai 
w § (p.ll.) 
f--
.... I./ZI 
G· g <.8 
1:.7 
w· e 
CJ·5 
<.4 j.3 
0·2 
> . 1 
.0~~~L4~~~~~~~ 
5 9 13 17 21 25 
OROER OF HARMONIC 
FIGURE 7.15: (c) Zero Sequence Voltages for-U~balancedCurrent 
Injection at Tiwai 
138 
7.11 SYSTEM CONFIGURATION CHANGE 
Addition or removal of transmission lines is the result of routine 
maintenance, protection operation under fault conditions, or future 
system development. 
The equivalent phase impedances for the 23rd harmonic are shown in 
Table 7.5 before and after the opening of a single line between Tiwai and 
Manapouri. This line remains coupled to the other circuits sharing the 
same right-of-way. While for this outage only a small change in impedance 
is observed. when the two lines between TiWai and Manapouri are taken out 
of service, the high 24th harmonic response in Figure 7.16 ;s observed. 
The presence of 17th harmonic voltage on the busbars of the open circuit 
lines is evidence of the coupling between circuits. 
TABLE 7.5: 23rd Harmonic Impedance Magnitudes at Tiwa; for Single 
Circuit Outage (ohms) 
Before 1 i ne 
outage 
After line 
outage 
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FIGURE 7.16: Positive Sequence Voltages at Selected Busbars with Both Lines 
from Tiwai to Manapouri Open Circuited. Current Injection at 
Tiwai normalized to 1 .u. 
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7.12 CONCLUSIONS 
The voltage sensitivity to transformer, generator and load impedance 
variation indicates that exact knowledge of the level or connection of 
these components is not required. However, load modelling should not be 
ignored. 
Modelling transmission lines in forested and mountainous terrain 
using geometry and individual conductor data has been found unsatisfactory. 
In this situation the lines have been lengthened to give the measured 
resonant frequencies. The line parameters obtained in this manner involve 
a smaller correction than the difference between measured and calculated 
values reported during commissioning of the same lines. 
Upon further investigation the sensitivity of simulated voltages 
have been found most susceptible to the transmission lines connected to 
the harmonic current injection busbar. The parameters of these lines are 
required to an accuracy of well below 1% at the parallel resonances, an 
assignment not possible with even the detailed line model in use. 
Satisfactory comparisons between simulated and measured data on 
',: .', a number of busbars have been achieved, given the limitations of the available 
test data. Measurements of accurate phase angles relative to one reference 
angle were not available and to achieve agreement with simulation in 
'i~' individual phase voltages these will 'be required. Retrospectively 
determining a system configuration is unsatisfactory and a very accurate 
s"ingle line diagram of the system at the time of any tests will be necessary 
in future tests. 
Circuit coupling and phase imbalance increases with frequency 
although ignoring coupling is not a major cause of program inaccuracy 
with balanced current injections. 
Temperature change and the influence this has on line resistance 
causes variations in voltage of the same order as the transformer, generator 
or load impedance changes. This is difficult to compensate for in 
simulation studies. Of more importance at resonance is provision of 
accurate skin effect modelling. and fortunately this is possible. 
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Resistivity variation affects the levels of zero sequence but not 
the levels of positive sequence voltage. Thus, for the purpose of model 
validation a single resistivity over the entire network is satisfactory. 
The three phase representation allows for analysis of unbalanced 
harmonic current injections, a condition which is most likely to be found 
in a practical system. Symmetrical component analysis using uncoupled 
sequence networks cannot provide the accuracy of the three phase techniques 
in this situation. 
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CHAPTER 8 
RIPPLE CONTROL SPILLOVER 
8.1 INTRODUCTION 
This chapter is the result of a request from one of the local 
supply authorities, Central Canterbury Electric Power Board, to conduct 
ripple control spillover studies. Such investigations enable the 
determination of the likely consequences of a change in ripple control 
plant frequency. The extent to which three phase modelling is needed 
will also be investigated. 
Ripple control is a technique used in load management where 
electrical supply authorities control customer load using coded pulses 
of current injected at a busbar called the point of injection. The 
current, I, propagates in the distribution network and operates receivers 
which switch the controllable loads (Ross 1972). 
The signals injected onto the distribution network can "spillover" 
into the transmission system through the point of supply. These signals 
can propagate large distances on the transmission grid and be detected 
by other supply authorities, illustrated in Figure 8.1. If the spillover 
voltage level at the receiver is large enough and there is insufficient 
discrimination in the coded pulses, one supply authority may control 
another's customers. Since peak charges are expensive, high costs are 
incurred when load is switched at the wrong time. 
Point of supply 
TRANSMISSION 
SYSTEM 
Point of supply 
DISTRIBUTION DISTRIBUTION 
NETWORK NETWORK 
FIGURE 8.1: Schematic of Ripple Control Spillover 
Point of 
injection 
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Areas and frequencies likely to cause spillover problems with the 
Central Canterbury Electric Power Board are marked on Figure 8.2. The 
control pulses injected by this authority use a carrier frequency of 
510 Hz and have operated relays hundreds of kilometers from the injection 
point at Hornby. Increasing use of similar equipment and frequencies by 
different supply authorities has increased the possibility of interference. 
If spillover voltage levels exceed .4% of nominal voltage at the 
point of supply to an authority with the same ripple control frequency, 
then interference between the two supply authorities can result. This will 
depend on the coding of the receivers and attenuation within the susceptible 
supply authority1s area but levels above .4% have been found to require 
filtering. Generally no attempt is made to avoid propagating signals 
throughout the transmission grid and problems are dealt with by the supply 
authority affected .. This is not an onerous problem because the plant used 
. to inject each authority's ripple signals has a filter tuned to the 
injection frequency, and hence spillover frequency, which can be used as 
a shunt filter when the plant is not operating. 
The sensitivity of voltage to individual component impedances and 
models is investigated further in this chapter with the complete South 
Island system documented in Appendix 3. The two single phase computer 
programs available in New Zealand and the three phase software discussed 
in this thesis are compared and guidelines to their usage and accuracy 
determined. Since three phase analysis is more complex the situations 
where it is justified need to be determined. 
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8.2 PROGRAM COMPARISON 
Three different programs for harmonic penetration analysis exist 
in New Zealand; HAR~'1AC, the three phase AC harmonic penetration program 
developed at the University of Canterbury (Densemet al 1983),ELAFANT, 
New Zealand Electricity's single phase program (Baird 1981), and 
AUDIOFLOW, Central Canterbury Electric Power Board's single phase program 
(Ross 1972). They are different software tools and Table 8.1 below 
indicates some of the main points. 
TABLE 8.1: Features of the Three Harmonic Programs Available in New Zealand 
HARMAC 
three phase 
multiple frequencies 
multiple injections 
line data independently 
calculated from tower 
and conductor geometry 
giving mutual coupling 
between phases and 
ci rcuits 
ELAFANT 
single phase 
multiple frequencies 
single injection 
positive sequen~e line 
data in tabular form 
for each line calculated 
using geometric mean 
distances 
AUDIOFLOW 
single phase 
single frequency 
multiple injections 
positive sequence 
line data specified 
for a limited number 
of different line 
types 
AUDIOFLOW is designed for distribution system ripple control studies. 
It has been used for transmission system studies but it has the following 
1 i mitati ons: 
- skin effect is not modelled. 
- generators are not easily modelled. They are modelled as loads with 
a specified impedance at the ripple control frequency. This gives 
accurate results but the impedances need to be calculated by hand 
for each different frequency. 
line parameters are approximate. In New Zealand there are very few 
transmission lines that have the same geometry details and therefore 
a line type for almost each line is necessary. This is beyond the 
capabilities of the program at present and a number of line types 
approximately equal to 1/3 of the numb€r of lines, is used. This 
assumption will be investigated to determine its accuracy. 
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ELAFANT is a flexible single phase program designed for transmission 
system studies. It has provision f~r skin effect modelling. The 50 Hz 
positive sequence line parameters are calculated using geometric mean 
distances and not from the self positive sequence quantities of a three 
phase program, The effect of this assumption will also be investigated, 
HARMAC is a larger program and data preparation ;s an order of 
magnitude more complex. It is able to perform studies with unbalanced 
current injections. Skin effect is modelled and the coupling between 
phases a.nd circuits accurately represented. The effects of multiple 
injection sources at different locations can also be determined. 
While each program has been designed for different areas of 
investigation, all have the capability to model distributed parameter 
lines and other common components with balanced harmonic current 
injections. Using the same generator, transformer and load models, and 
with the same system configuration and balanced current injections, 
useful comparisons of the three programs can be made. 
8.3 TEST SYSTEM 
Th~ full South Island network is used for the studies in this 
chapter. Details of the components and single line diagrams are 
included in Appendix 3. 
The Central Canterbury Electric Power Board ripple injection is 
simulated with a steady state balanced injection of 50 Amps at 510 Hz, 
the present injection frequency, at the Hornby 33 kV busbar. This bus 
is not the point of supply and because of this the line between Hornby 
and the point of supply needs to be modelled, giving the configuration 
of Figure 8.3. 
point of supply Point of injection 
TRANSMISSION 
SYSTEM 
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FIGURE 8.3: Central Canterbury Electric Power Board Ripple Control 
Injection at Hornby 
I 
-50A 
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Injections of 30 Amps at the Lincoln 33 kV bus and 10 Amps at 
the Hororata 33 kV bus are also used to simulate spillover from other 
Central Canterbury Electric Power Board injection equipment. 
In 1985 Central Canterbury Electric Power Board is planning to 
reduce the ripple injection frequency to 317 Hz to give better coverage 
within their area. The difficulty in determining an accurate system 
configuration for 1985, and the wide variation of this configuration from 
hour to hour is resolved by using worst case conditions. These inGlude: 
20% of the maximum load at each bus bar is used 
reduced generation approximating that of a typical summer evening 
is connected 
no synchronous condensors are modelled 
no shunt capacitors are modelled 
- no filters are connected 
Appendix 3 contains the relevant detail at individual busbars. 
Models in this chapter use the same lettering references as 
Figure 7.2. The transformer and generator models chosen using the 
best fit to measured data in Chapter 7.3 have been retained. However, 
because of the inability to determine the scaling factor k in load 
model A, load model D was substituted. Results using these models and 
, 
the system conditions above will be referred to as the standard case. 
8.4 VOLTAGE SENSITIVITY TO INDIVIDUAL COMPONENT IMPEDANCES 
8.4.1 Transformer ImQedance Variation 
In a similar manner to the previous chapter the sensitivity of 
system voltages to transformer impedance is obtained by reducing and 
increasing the impedances by 10%. In both cases of Figure 8.4 the 
average voltage varies by 4% and thus voltages are not sensitive to 
transformer impedance variation. 
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FIGURE 8.4: Percentage Voltage for Transformer Impedance Variation 
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8.4.2 Generator Impedance Variation 
Generator impedances are decreased and increased by 10% of the 
maximum capacity. The generation level of the standard case in 
Figure 8.5 is calculated by summing the connected generation and 
expressing this as a percentage of the maximum capacity. The generation 
level at each station is not the same. 
Both increasing and decreasing impedances by 10% show the same 
average voltage variation, 4%. 
This level indicates that detailed knowledge of connected 
generation is not necessary. 
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FIGURE 8.5: Percentage Voltage for Gener~tor Impedance Variation 
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8.4.3 Load Level Variation 
When the maximum load level is varied by 10%, from the standard 
case of 20% illustrated in Figure 8.6, the following observations are 
made: 
Reducing the load to 10% of full load caused a 30% increase 
'in the system average voltage. 
Increasing the load to 30% of full load caused an 18% drop 
in the average voltage. 
At low load, more accurate knowledge of the load level is required 
than under the high load conditions. 
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FIGURE 8.6: Percentage Voltage for Load Level Variation 
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8.4.4 Line Parameter Variation 
To vary the line parameters all lines are shortened and 
lengthened by 1%. Figure 8.7 shows the sensitivity of system voltages. 
Conclusions which can be drawn from this are: 
shortening the lines by 1% lowers the average voltage by 5%. 
lengthening the lines by 1% increases the average voltage by 7%. 
From the above observations the system voltages are more sensitive 
to line parameter variation than other component models, although the 
voltages are not as sensitive as the injection at Tiwai in Chapter 7.4.5. 
For this injection only transmission lines were connected to the Tiwai 
bus, whereas at Hornby considerable load is supplied from nearby buses. 
The system configuration near the point of injection affects the 
voltage sensitivity to component parameter variations. 
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FIGURE 8.7: Percentage Voltage for Line Length Variation 
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8.5 f'10DEL VARIATIONS 
While impedance variations have been investigated indicating the 
more important system components, the effect on system voltages of the 
component models has not been determined. The standard case in this 
chapter is varied using the models of Figure 7.2. In each case of 
Figure 8.8 only one model change is made and the following conclusions 
are drawn: 
change to transformer model C with load and generator models 
unchanged, results in a decrease in the average voltage of 15%.\ 
transformer model E causes only small voltage variations, much 
the same as a 10% change in impedance. 
load model A causes a substantial drop in the average voltage of 25%. 
load model C causes an 8% increase in the average voltage. 
change to generator model B causes a 6% drop in the average voltage. 
The above results indicate that there are considerable differences 
between the load and transformer models and further work is necessary 
to determine the best representations. 
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FIGURE-8.8(a): Percentage Voltage for Model Variation 
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FIGURE a.8(b): Percentage Voltage for Model Variation 
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8.6 FILTERS AND SHUNT CAPACITORS 
When the filters normally present at Tiwai are connected, very 
little change in system voltages are observed. However the filters at 
Benmore, position 3 Figure 8.9, lower the average voltage by 36%. 
When all the capacitor banks available are connected without the 
filters, the position 4 results show that the average voltage decreases 
from the standard case by 20%. 
Neglecting filters and shunt capacitors substantially affects 
the voltage levels. The higher voltages without these elements 
represents the required worst case conditions for spillover studies. 
New Zell~nd 
Electricity 
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FIGURE 8.9: Percentage Voltage due to Filters and Shunt Capact~ors 
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8.7 SINGLE PHASE MODELLING 
Single phase modelling has been duplicated in a similar manner 
to the previous chapter to determine if a different injection point 
affects system behaviour. The coupling between the sequence networks 
and circuits was removed for each line and the earth return connections 
set constant to the 50 Hz values. Figure 8.10 indicates that the positive 
sequence voltages are almost unaffected, the average voltage changes by 
only 1%. when single phase modelling is introduced. The coupling between 
sequence networks for this system and frequency is not significant. A 
single phase program could be used at this injection point for a balanced 
current injection, without undue inaccuracy. 
The three programs previously described, ELAFANT, AUDIOFLOW and 
HARMAC, use different transmission line data. HARMAC uses three phase 
data obtained from individual conductor geometries, whereas ELAFANT inputs 
data comprising positive sequence parameters calculated using geometric 
mean distances. AUDIOFLOW uses similar data to ELAFANT except that not 
every line is given separate parameters. The effect of these 
approximations can be determined by comparing the three programs using 
the same component models, the same configuration and the same current 
injections. This is illustrated in Figure 8.11. 
There is good agreement between the results from HARMAC and 
ELAFANT. Individual busbars show variations generally less than 10% 
and the average voltages are quite similar. 
The position 3 voltages are calculated using AUDIOFLOW and the 
average voltage is 11% lower than HARMAC; not an unacceptable difference 
considering the uncertainty in planning studies. 
The approximate line parameters used in ELAFANT and AUDIOFLOW are 
apparent. however, accurate studies require the use of three phase software. 
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Position Study Conditions 
(1) Standard Case 
(2) Single Phase 
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FIGURE 8.11: Percentage Voltage using Three Different Harmonic 
Penetration Programs 
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8.8 SPILLOVER VOLTAGES FOR DIFFERENT FREQUENCIES 
The proposed frequency change by Central Canterbury Electric Power 
Board from 510 Hz to 317 Hz is designed to give better receiver levels 
in its distribution area. To know if the new frequency will cause 
unacceptable spillover voltages in other supply authority areas, studies 
are conducted at both frequencies for the three injection points at 
Hornby, Lincoln and Hororata. 
At 510 Hz an injection from the Hornby and Lincoln plants causes 
unacceptable voltages (greater than .4%). The Lincoln plant interacts 
with Murchison while Hornby has unacceptable levels at Motueka. Murchison 
Stoke, Albany and Balclutha. There have been cases of spillover reported 
between Central Canterbury Electric Power Board and Murchison and Central 
Canterbury Electric Power Board and Naseby. Spillover has not been reported 
with the other areas. . 
This does not necessarily mean predicted spillover levels are 
inaccurate. The plant in each supply authority is designed with channel 
discrimination to enable increments of load to be switched. This 
discrimination also provides a degree of protection from the ripple 
signals of other authorities. 
At the proposed frequency of 317 Hz injections at Hornby and 
Lincoln appear to give acceptable voltages in the South Canterbury area. 
Levels are approaching .4% however. At present this authority is the 
only other one with installed or planned 317 Hz plant. An injection at 
Hororata will cause spillover interaction at Albany, Studholm, Temuka 
and Timaru. This will require filtering at these busbars to avoid 
maloperation of relays. 
510 Hz 
317 Hz 
TABLE 8.2: Spillover Voltage Levels for Central Canterbury Electric Power Board Injection Points 
at 510 Hz and 317 Hz (%) 
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8.9 CONCLUSIONS 
Even if a simulation program could duplicate exactly the actual 
system voltages under known conditions, the variation in harmonic levels 
due to future system expansions is such that using a harmonic penetration 
model for planning purposes is difficult. Worst case analysis has been 
used including light load conditions with no capacitor compensation and 
filter plant disconnected. 
As in the previous chapter system voltages are not sensitive to 
transformer and generator impedance variations. The connected capacity 
of these elements need not be known to the same accuracy as load levels 
and transmission line configuration. Load levels have been found more 
important in this chapter than in the test system of Chapter 7. This is 
due to the light load conditions and to the presence of considerable 
load at the injection bus and in close proximity to it. 
Line parameter variation has a considerable but not unacceptable 
effect on system voltages. The data presently available is satisfactory. 
This is somewhat at variance with the conclusions of the previous chapter 
and is caused by the different characteristics of the system around the 
point of injection. Transmission line parameter modelling should be 
investigated at further injection locations to verify the accuracies 
possible. 
Alternative component models have been demonstrated to have 
variable effects. Load and transformer models produce voltages that 
indicate more measurement and component model development is justified. 
Detailed measurements need to be made to determine the characteristics of 
rural systems with long distribution lines and ruban systems with high 
levels of underground cabling. 
Ripple control uses balanced current injections and this chapter 
shows that a single phase model gives only small differences in voltages 
compared to those obtained using three phase software. Single phase 
modelling is thus an acceptable tool for spillover studies. 
Results obtained for the Central Canterbury Electric Power Board 
injection at Hornby confirm some known spillover interactions and studies 
have been extended to a proposed frequency of 317 Hz. The need for 
filtering at the points of supply in the South Canterbury area to avoid 
spillover has been determined. 
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Measurement and comparison with simulated ripple control spillover 
levels needs to be performed. Measurement at distribution voltages levels 
is considerably simpler than at transmission voltages and the balanced 
nature of the harmonic injections at frequencies where there will only be 
one source provides an excellent opportunity to perform further program 
validation. 
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CHAPTER 9 
CONCLUSIONS 
The growth of system harmonic content due in particular, to the 
increased use of power electronic devices, has led to increasing concern 
among power engineers about the ability of a power system to function in 
the presence of the introduced distortion. Harmonic penetration modelling 
can playa vital role in the design of filter installations and convertor 
plant to minimize this distortion. A nu~ber of achievements towards this 
aim can be isolated from this thesis. 
An algorithm for three phase harmonic studies including system 
and static convertor interaction has been developed. Problems including 
the quantity of data and presentation of results have been overcome. 
A mathematical model for the assessment of harmonic penetration 
along three phase transmission lines and its application to the flow of 
zero sequence harmonic currents has been ihvestigated. In particular 
the effects of transformer connection and filters on the harmonic levels 
along a transmission linehave been illustrated. 
Three phase software has been developed capable of handling 
large systems for harmonic penetration studies. This software permits the 
calculation of unbalanced impedances, currents, and voltages at any 
frequency, not just characteristic harmonics orders. This is very useful 
for observing system behaviour at resonances and allows the different 
resonant frequencies of each phase to be isolated. 
System component data for a sizable system has been assembled. 
This data has been used to compare measured and simulated harmonic levels 
for near balanced conditions with good agreement at a number of measurement 
locations and frequencies. 
The effect of system component impedances on harmonic levels has 
been determined. Some uncertainty in the levels or accuracy of transformer, 
generator and load data can be tolerated but th~ accuracy of transmission 
line data at resonant frequencies, and particularly in rugged terrain. 
needs to be high. 
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The sensitivity of system voltage to individual component models 
has been calculated to determine the degree of representation required in 
each case. 
Sp"ll , over voltage 1 eve 1 sand interference with load management 
equipment is of real concern to the New Zealand Supply Authorities. 
Sin~le phase modelling has been found satisfactory for such studies where 
balanced harmonic currents are injected and uncertain planning conditions 
exist. With the accurate three phase model developed the situations in 
which simplifying assumptions are valid have been determined. 
Future endeavour can be focussed on the interaction of convertors 
connected to separate AC system busbars, and the effect of harmonics on 
the fundamental frequency operating state of such convertors. This is 
particularly important as the number of systems with multiple static 
convertor loads is rapidly increasing. 
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APPENDIX 1 
DATA FOR THE REDUCED TEST SYSTEM 
The data used in the harmonic penetration program HARMAC to 
calculate the results in Chapter 6 is included in Tables Al.1-Al.4. 
The last three numbers in each busbar name represent the voltage 
level in kV of that busbar. All double circuit lines are symmetrical 
about the tower axis and therefore conductor data for only one circuit 
is included. 
Transformers have consistent star or delta connections depending 
on their location in the system, indicated in Figure Al.l. 
HV 
~ 
(a) generating station D (b) transmission substation 
__ ~H~V~_~~ ___ L_V __ _ 
D ~ 
(c) distribution substation 
FIGURE AI.I: Transformer Connections 
Generation transformers have deltas on the generator or low voltage side 
and grounded star connection on the HV side. Transmission substation 
transformers are grounded star on the HV and LV windings with delta 
connected tertiaries. Distribution transformers supplying the electrical 
supply authorities are delta connected on the HV and grounded star on 
the LV side. The connection is important in considering the flow of zero 
sequence currents. A delta winding will act as an open circuit and a star 
connected winding, with neutral point ground~d, as a short circuit to the 
zero sequence currents. The zero sequence impedance of the system will 
thus be considerably different to that presented to positive or negative 
sequence currents. 
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TABLE Al.l: Reduced System Busbars and Loading 
Busbar Pl(MW) Ql(MVAR) P2(MW) Q2(MVAR) P3(MW) Q3(MVAR) 
F~()XDUR(jH"··O:l.1. 3(),OO 1.0.00 :~O, 00 1.0.00 
F~()XBURi3H--220 0.00 0.00 0.00 0.00 
r;:OXBURGH1.0:l.1. 0.00 0.00 0,00 0.00 
('i f~ N A PO LJ I:~ I~) 2 0 0.00 0.00 0.00 0.00 
MAN r~ F' (J U I~~ 1. 0 1. 1j 0.00 0.00 0.00 0.00 
f"1('\NAP()Uf~20 14 0.00 0.00 0.00 0.00 
TIWAI······ .. ········220 0.00 0.00 0 .00 0.00 
IN'.)ERC(.\f~(303::!. 4:';.00 12.00 4!5,()0 12.00 
I N\JEF:Cf~RG220 0.00 0.00 0.00 0.00 
TABLE Al.2: Reduced System Generation 
Busbar 
1·~('\N AF'OU R:\. 0 14 
Mf~NAP()UR20 14 
r~DY,BUf~GHlOl1. 
Subtransient Reactance 
at 50 Hz (pu) 
0.037 r) 
0.0740 
0.062(' 
TABLE Al.3: Reduced System Transforms 
30,00 
O.()O 
O.()() 
O,()O 
0.00 
0.00 
f).OO 
4~5.()0 
0.00 
Busbars Leakage Reactance Type 
at 50 Hz (pu)· 
I~: () x: B U F: (3 H···· 2 2 0 
r~DXBUI:~GH····()l :I. 
Mr~Nr;Pi.)Ur~:r. 220 
11(.lNAF'OUf~ I 220 
1: N'v'EF:Cr;F:G03:3 
R()XL~URGH1011 
f~DXl!.tmGH-220 
M r~ NAP 0 LI (:;: 1 0 1. -4 
MANM'OUR2014 
IN\JE~I:':CAF~Ci220 
Type 1 star-g/star-g 
Type 4 star-g/delta 
0.0~5B1.600() 
0.03816000 
0.02690000 
0.052.60000 
o .1.02'jlO()0() 
4 
4 
-4 
4 
A 
:L ~:l , 00 ().oo 
(j,O() 
0.00 
0,00 
0.00 
° 
r,. () 0 
l2.,OO 
0.00 
TABLE Al.4: Line Data for the Reduced System 
Busbar Names A B C D E F G H I J K L M N 0 P Q 
INVERCARG220 Hl'jEF:CARG220 MANAPOlJRI220 MANAPOlJRI220 1 1 1 2.90 2 0.46 6 1 32 4.80 1 t50 6.33 17.99 4.42 ~5. 50 0.00 28.9.1\ 
INVERCARG220 ROXBlJf(GH-220 1. 1 1. 2 .. 20 1 0.00 5 2 31 6.47 1 f ::10 0.00 12.50 ::~:16 ~:~8 4'8 1 18.~1 INljERCARG220 ROXBlJRGH-220 1 1 1 9.80 1 0.00 5 0 0 l.20 1 .50 0.00 12.50 O. U U. 0 
INVERCARG220 INVERCARG220 TIWAI----220 TIWAI----220 1 1 1\ .30· 2 0.46 6 2 36 'l.ll 1 .. 50 6.29 1l.95 4.41 ;.' .• 41 1.52 28.26 
MANAPOlJRI220 MANAPOURI220 TlloJAI----220 TIWAI·----220 1 1 1 5.60 2 0.45 6 1 32 4.80 1 .50 6.34 18.00 4.42 3.50 0.00 29.00 
KEY TO COLUMNS 
A section number 
B number of sections 
C Length (km) 
D Number of conductors in bundle 
E Bundle spacing (m) 
F Circuit type (1 single circuit, 2 double circuit) 
G Conductor type 
H Number of earth wires 
I Earth wire conductor type 
J Phase 1 horizontal distance (from the tower axis) (m) 
k Phase 1 vertical distance (from the ground) (m) 
L Phase 2 horizontal distance (m) 
M Phase ,2 vertical distance (m) 
N Phase 3 horizontal distance (m) 
o Phase 3 vertical distance (m) 
P Earth wire horizontal distance (m) 
Q Earth wire vertical distance (m) 
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APPENDIX 2 
DATA FOR THE NEW ZEALAND SOUTH ISLAND SYSTEM BELOW BROMLEY· 
The data used in the harmonic penetration program HARMAC to calculate 
the results in Chapter 7 is included in Tables A2.1-A2.4. The single line 
diagram of this system is illustrated in Figure A2.1. 
Data for each line section is too extensive to use in the three 
phase studies. To obtain manageable file sizes line sections shorter than 
5 km are concatenated with longer sections; the combined section having a 
length equal to the sum of the two sections with the geometry of the longer 
section. Mostly this is required on the 66 kV network and results in a 
halving of the data requirements. Little effect is noticed in system 
voltages. 
Mutual coupling between lines at lower voltage levels can not be 
completely duplicated. Where lines are in the same right-of-way for small 
distances the coupling is often neglected. Temporary busbars are included 
where lines tee off at intermediate points between busbars. These buses 
have the form XXX-YYY-TEMP where XXX is a thr~e letter abbreviation of the 
closer bus and YYY a three letter abbreviation of the more distant bus. 
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TABLE A2.1: Busbars and Loading for the South Island System below Bromley 
Busb~~ and MVilli) PI Ql P2 Q2 P3 Q3 
I~\I T Ft10PF .... {) 'L 1 I~ <) )~ E M b f~ (' "" ~i ::) 0 
n I~ L.C L. U T H 14 i) 3 3 
Br.:,I...CI...UlH(',110 
BFNCG2001.0~·~3 
UENCG20020?3 
\:lENh .... TEEBUS:l. 
HENM .... T E E:eUE.2 
BEN i'i 0 F< E .... "" ::.> 2 () 
f.lENMOI:~[""lOlf.:. 
f.l E N!1 0 F< E ",,;20 :l f:) 
BEF:\i..l I CK."""":\':I. 0 
C PO M~l ELL. " .. 0 ~5 3 
C f~ 0 M W EL..I... :I. :.::: :2 () 
C I~ 0 1'1 i"J E 1...1... 2 2 ;,2 0 
DUN ''''I:~ DX .. " T E ~iP 
EDE:NDI4I...E""O:l1 
E DE t'IDI~IL E .... 0;<'.3 
EUENDI~I...E"" 11. 0 
F h:Fl NI<T Ot) .... 03:1.. 
U I. .. E N (:\ \,.1 y .... " .. :I. 1 () 
GDI:~E .... """" " ...... 0 32: 
G U I~ E·· ........ " .. " .. " :l 1 0 
HF1LEE()~:;OlOll 
Hr:1LEEO~"!O·;;.~0 1.:1 
H{~l.. F .... T EEBU\::, 1 
H A I... I::' .... TEE DUB 2 
HF,I...F .... TEEI:-:U\:)~\ 
H I~ I." F kl I~ Y B 1. 0 :?; ::5 
H I~~ I ... F 1t..1 ~\ Y B:) ° '3 :1.. 
HAL .. F~j(:\YBU 11 0 
H("I...FIt.){-lY[:U220 
H (~ I ... S (l to () 1 0 1. :L 
HJ.l..L..f.;IDE .... 033 
HI 1 ... 1 ... :3 I [11:.: .... 066 
I N\'FW()~iO lOll 
1 N\) F .. " TEE BUB ;;! 
I NI.)El:~C?lf~(303~T. 
I N \) E F;: C (~ I;: G 1 1. 0 
I I'1VEf~C(\f~G~?:;)O 
ISI...INUfON·;?20 
1... I I) J. ND~)TN220 
t·~r;N(~PClUF;.::L 0 14 
i'i f.l N A I::' () U 1:~ :2 0 1 4 
h (.1 N I~ F' I] U F: ::~ 0 1 11 
t"i (.:l N f.l F' 0 U f~ 1 '? 2 0 
i'i 0 t~ U \.) (:~ I " ...... 0 0 I) 
1'10NO~~tII""" .. Oll 
M OI·J 1'1 ~I r=\ 1 "" .. " () (: /) Clr-lM?il:~U·: .. "" .. "i j~6 
U H (I I .. " ...... " .. " .... 0 1 1 
[) H f-l I .... " ...... " ...... () 6 t.. 
UH(;I.J""i~I""""""() 13 
n H {\ U .", A"""""" 2 2 () 
01;: ti \,,i I (:1 .. " .. " .... () 1 1 
Uf~(.:IW I Fl "" .... "" 0 6 6 
I~.:O >< B .... TEED USl 
I::': (I X ,t.: B 0 ~~; 0 :l 0 1 1. 
f~O 'lB URG H .... O::5::; 
F;:DXBI...If~GH""ll () 
1;:0 X BUF:GH ""22 ° 
I:~ 0 X B U f~ G H 1. 0 1 1 
PO,:BURGH2011 
\:;OLlT HIlLIN ,," 0"3 ;~. 
~3 () U T H Ii UN .. " 2 ;:2 0 
lEl<f-lPCI .... B .... Oll 
'1"1:" r:: I'~ PI") .. " B .... "j .,:) 0 
T YMAF«.I ...... :· .... rr 6 
T T W Pi T .......... " " .. ".1 'j r) 
\,(,)lZ(1 """"""O:'i:·~ T \,j '( i (" I'" .......... " .') .::) ('1 
\,,1 1:\ ): J::; Ii 1:~ I " .. ".' r r 6 
\,1(; 1 T I~~\'.: I "" .. ,,0 11 
\~I ~\ I T Fll'~ I " .. "" 0 3 :1.. 
~J (; I T r; \': I .. " ; ... 1 10 
kl~\IT?\t\J"":!,Oll 
~JA I Tr4\'; I ·<~O 11 
~JI~lFEOl5l0:l.:l 
IlJINT .... TEEBUS1 
~j I t~ T (J I~ .- ........ 0 1 1. 
\~I I NT 0 N " .. " .. " .. 06 6 
\IJI NT ON """"""1. :1:0 
0.00 
0.00 
B.37 
(),(l0 
O,()1. 
O,Ol 
0,00 
0.00 (),OO 
O,()O 
100.00 (),OO 
~:',! " 1 } 
0.00 
0,00 
O,O() 
0,00 
1.20 
0,00 
".1 ''')7 1...' o!- .':.I.J 
0.00 
9.?0 
O,.()O 
0.00 
0.00 
0.00 
0.00 
O.oCr 
;;2:1 • BO 
19 t \;?3 
0.00 
0.00 
0,.01 
0.00 
0.00 
0.01 
0.00 
26, ~;o 
0.00 
0.00 
1,~(},,'?O 
O.()O 
O.()O 
0,00 
0,.00 (l,0t;) 
0,00 
O.()O 
0.00 
0.00 
0.00 
0.00 
0.00 
O.OCl 
0.00 
0.00 
0,,00 
Cl.OO 
() It ~:) '7 
0.00 
0,00 
0.00 
0.00 
22 t ~.i3 
0.00 
0.00 
0,00 
:1.6.1.>"7 ().OO 
:t + ~:.i"3 (),OO (),OO 
o t· 57 
0.20 
0.00 
0,00 
0.00 
0.0:1. 
O.O() 
'2 • 3 ~'5 
:I..B"7 
0.00 
0.00 
0.00 
"~-I '7 1:;' 
,; •• T I oJ 
0.00 
O,O() 
0.(:00 
0.00 
0.00 
0.00 
0,00 
~j 1. .23 
0.00 
o • 6::~ 
0,00 
0,.00 
0.00 
0.00 
0.96 
()"OO 
O,tll 
0,00 
:2.31, 
0.00 
0.00 
0.00 
0,00 
0.00 
0.00 
4.43 
4 • O~; 
0.00 
0.00 
0,00 
0.00 
0.00 
0.00 
O,()() 
~.i + 3B 
0.00 
0.00 
~'i 4 .8 () 
O.()O 
0.00 
0.00 
0.00 
0.00 
O.Of) 
0.00· 
0.00 
0.00 
0,00 
0.00 
0,00 
0.00 
0.00 
0,1)0 
0.00 
0.00 
0.1'? 
0.00 
0,00 
0.00 
0,00 
0,00 
0.00 
0.,.00 
O.O() 
'5.4B 
0.00 
o . :50 
0.00 
0.00 
0,1.4 
0. O~:i 
0,00 
0.00 
O.O() 
0.00 
0,00 
() • ~5(3 
0.6l 
0.00 
O.()O 
0.00 
B t :~ '? 
0.00 
o .01. 
0,01 
(J.OO 
0.00 
0.00 
0.00 
1.00.00 
0,00 
2.1'7 
0.00 
0.00 
0.00 
0,.00 
1.20 
0.00 
"1 ''') "1 
..... to .I.~ ..... ,
0.00 
~i' • :;~ 0 
0,00 
0.00 
0.00 
O.(lO 
0,00 
0.00 )l,BO 
19.'13 
0,00 
0.00 
0.0 :L 
0.00 
0.00 
0.01 
0.00 
~·~6.~;0 
'0.00 
0.00 
16b.'?0 
0.00 
0,00 
0.00 () ,.00 
0.00 
0,00 
0.00 
0,00 
0.00 
0,00 
0.00 
0.00 
O.()O 
0.00 
O.O() 
0,00 
0.00 
o ,. ~} 7 
0.00 
0,00 
0.00 
0,00 
22 + ':53 
0.00 
0.00 
.() .00 
],t •• 67 
0.00 
1. • :i3 
G.OO 
0.00 
o • ~j 7 
0.20 
0.00 
0,00 
0.00 
O.Ol 
0.00 
2.33 
l.B? 
0.00 
0.00 
0.00 
~.:!. It '? ~,:; 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
~Jl~'23 
0,00 
o • (J:?; 
0.00 
o.O() 
0.00 
0,.00 
O. S:"C:. 
0.00 
O.Bl 
0,00 
2~31 
0.00 
0.00 
0,00 
OtOO 
0.00 
0.00 
4.'<\::1; 
4 • O~i 
0,00 
0.00 
0.00 
0.00 
0,00 
0.00 
0,.00 
~;~ ,; 38 
0,00 
0.00 
~j4 • ::30 
0.00 
0,00 
0.00 
0,.00 
0.00 
0 .. 00 
0.00 
0.00 
0.00 
0.00 
O.O() 
0.00 
0.00 
0.00 
0.00 
0,.00 
0.00 
0.1'7 
0,,00 
0,00 
0.00 
i).OO 
0.00 
0.00 
0.00 
1),00 
~:.~i4B 
O,()O 
O. ;'.;0 
0,00 
0.00 
0,.14 
O. O~.; 
0,00 
0.00 
0.00 
0.00 
1).00 
o • ~ja 
o • f) 1 
0.00 
o.O!) 
0.00 
B • ::5 '? 
0.00 
0.01 
0.01 
0.00 (),(l0 (I.on 
0·,00 
100,.00 
0.00 
2.1/ 
0.00 
0.00 
0.00 
0,.00 
:l. ,20 
0,00 
:3" ::::3 
0,00 
q /')f' ~ t ;I ••• ...) (I.on 
0.) 00 
0.00 
0.00 
0.00 
Cr~()O 
21. HO 
l ~i' • c,l:x.. 
0.00 
0.00 
0.01 
0.00 
0.00 
O.Ol 
0.00 
26.50 
O,()O 
0.00 
1(.1{;~70 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 (),OO 
0.00 
0.00 
0.00 
0,00 
O~~5'7 
0.00 
i).OO (l,00 
() ,.00 
2;.~t~.i3 
0.00 
0.00 
0.00 
l6.67 (1.00 
l,::'d 
0.00 
0.00 (. c;' "] 
.J ~ ·,,1 I 
0.20 () ,.00 
0.00 
0.00 
O.Ol 
0.00 
;;~ • ::5 :.'~ 
ltB7 
0.0,;) 
I,) ,. ° () 0,(1) 
2 T ? ~.~j 
(l,I)() 
0.00 
0,00 
0.00 
0.00 () ,,00 
0.,00 
~:i 1 .23 
0.00 
0,/)3 
0.00 
O,()O 
0.00 
0.00 
('t -1 (,:} ,:~:, 
i,'j .00 
O,Bl 
0.00 
2.3l 
0.00 
0.00 
0.00 
0.) 00 
0,,00 
0.00 
4.43 
-4 • 0 ~7.; 
0,00 
() ~ (J 0 
o T () 0 
0+00 
0.00 
0.00 
0,00 
~5 + :,.8 
0.00 
0.00 
~j4,HO 
0.00 
0,00 
0.00 
i,),()() 
0.00 
0.00 
0.00 
0+0'0 
0.00 
0.00 
0.00 
0,00 
O.()O 
0,00 
0.00 
0,00 
0.00 
0.17 
0 •. 00 
!:) • () () 
().I)O 
0.00 
0.00 
0.00 
0.00 
0.00 
~~} ~ 4 S 
0.00 
o • ::'j () 
0.00 
0.00 
0.14 
O. O~i 
o ,,0 () 
0.00 
0.00 
0,00 
0.00 
I) "~$B 
0.61 (>,00 
Busbar 
?,I)IEMOf.:["-011 
BI:::NMCiRE-.. l (j 16 
BENMORE-2016 
H,~L.EE()50:l.0t 1 
HALEE()~.i02011 
MAN~iP()UR 1 O:L 4 
M{-\NAPOUH20 1. 4 
MI~NAPOUr:3() 14 
r10NOWA I'---' 00 f:., 
ClHMI'- A- '-'013 
I;:OXBLJRGH j () 11 
ROXBlJRGH:;-!01.1 
fEI\APO--B--01.1 
\tJ(~ I P (J R I .- --110 
W{'HTAKI-1.011 
('JA IT ArC( -20 11 
181 . ( ) SubtranSlent reactance pu 
0.0660 
O.05?0 
O.O::i\1'O (). ~~9()O 
'),3800 
O. 0~5l0 
O.14HO 
0,1480 
2,26:.i(). 
0.04/1 
O,Ot/20 
0.1040 (),OTH 
o • 't::~::i 0 
0,~5520 
0.2130 
Table A2.2: 
System below Bromley 
TABLEA2.3: Transformers for the South Island System below Bromley 
Busbars 
I Nl"IE"" T EEBUB 2 
INVE TEEBUS2 
I N \.1 E .... lEEBUS2 £n:: NM-- T EE DUS 1 
n E Nri _ .. TEE B U \3 :L 
HENM .... TEEBUSl 
BENM .. - TEEBU~:;2 
BE NM'''' T EE £1 UE} 
BEN M ., T l:~ E BIJ S :.:'. 
1:~D::r; B'" TE EBL)S 1. 
RDX B .... TEEBUH 1. 
l:~ 0 X B , .. TEE B lJ S 1 
-W I NT"" T F. E BUB 1. 
WINT·-TEEBUBl 
WINT .. ·TEEBUSl 
HALF TEEBUS1. 
H I~ L F " .. TEE BUS 1 
HAl .. F -··TEEHUS1. 
Hr1LF .. " TEEBUS2 
Hf.IL.F - T EEBLJS2 
Hf~LF ._, TEE BUS2 
HAL F _. TEE BlIS2-
HALF .. " TEEBUS3 
H{~LF-"TEEBUS3 
{W I EMOF:E • .. 220 
1)?)LCLUTHAO~33 
BALCL.UTHA03~~ 
CfHlMWE LL -.. O:~:~ 
CROMWELL-·O~n 
EDENDALE-·Ol1 
EDEN[tALE""03~~ 
GORE----· .. ·033 
HALFWAYB2033 
HI LLSI DE--O:B 
I NlJEI:;:CARG03:3 
INI)ERCARG033 
MANAPOLJRI220 
f1ANAF'OLlRI220 
MANI1POUR I 220 
M(lNOWA I -.. -O(:,/:., 
MONOWA I .... ·· .. 0 11. 
DHAI ........ -.. · .. · .... Ol1. 
OHAI .. · .. ·- .......... -011 
OHAlJ-- ~1-··,,··-220 
Cli~f1W:r.A ........ ·-Ol1 
1:;:()XfH(O~;Ol 011 
fWXBBO~:;O 1011 
HDXBURGH .. -11. 0 
ROXBUHGH .. ·220 
BO LIT HDUN -.. O~1:~ 
TEKAPO .... B .. -220 
TWIZEL-· ...... 033 
!;JAITAKI .. • .... ('J1.1. 
W?IIH1KI-,,·-01:l. 
WA nl~lq"·""03:5 
Wf.IITA~~I""""l :1.0 (,J i~ IT 11 K I ........ 11, 0 
WINTDN---...... 01.l 
!;JINTON ............ 01.1. 
I NI,)EF C A!;:G2 20 
I N V E r;: C A f~ Gil (:r 
IN\)BPO~'i01011 
£1 E N MC f~ E -.. -- 22 () 
f! E N ~1 U I;: E .- 1. 0 1 6 
f{[ NCt,200 1 O~~, ~~, 
BE N Ii C F: E ........ 2 2 0 
BENt~(Jf~E .... 20:l.6 
BENe h20 02V3 :.~ 
f~OX BIJ I:;;OH .... ~'2 0 
ROXBUPGH·,,· ~ 10 
f~O:<BBO~:;O 1 ('I 11 
hJJNTON ............ t to 
\..1 I NT 0 N-...... - 06 t. 
WINFE015101.1. 
HALFWAYBU22Q 
HAL.FW,~YBLJ11.0 
HALS?il001()1. :I. 
HALFI".!I;YBU 11 0 
HALFlt)AY B 1. 032, 
HALEEO~jO~~O 11 
HALFI,..JAYBU 1.1 0 
HALFWAYB1.0:3:'5 
HAI...EE050:l.011 
I~\,I I EM()I~E''''O 1.1. 
.HALCLUTHA:1.10 
Bt'iLCl..UTH?l'i. 1.() 
CROMltlEL1..2220 
CR()M~JELL 1. 220 
EDENDALE"<110 
EDENDALE .. -110 
GORE-··---.. -,·-.. 110 
HAU:'-I,.,iAYBU220 
HILU;IDE-.. otd:o 
I NI)EI;: CARG ~.~20 
INVH:CM~G;::20 
MANAPOUf.; 1. () 1.-4 
MANAHHJR2014 
MANAPOUR::301.4 
MONO\.<.IA I "'''-006 
110NOJ.,J ,; 1 .. - -- 0 0 6 
OI-l~1 I .,,' -- -- -- .,,' (;I 6f.:. 
OH A I·,,· ..... " ... - .... 0 66 
OH{~U"" A-···· ,-. 0 1. ~~ 
OR A !,.,I T r; .... ·- .. - () I.. I .. F~DX Bi.Jf~ GH .... <5 3~~ 
PD XDU !~:G H .. · 0 ~~::5 
f~OXBUf~GH20 11 
l\OXBUI~GH 10 11 
80UTHI1\JN .... 220 
TEI';AP()"-B"·O:L 1. 
TW I IE\... -.. -",-,220 
~JAI'Uilq"·""110 
W A I T ?I ~~ I " .. -.. 1. :I. 0 
~h':)nl·;n"--"l 10 
WAIT(.IKI--201l 
WAIT,=dO''''1011 
WIN Hl N-" -. -- 1 10 
~JINTON-"-"-l.:L() 
Leakage 
reactance (pu) 
O,O:HtOOoo 
0.0561.0000 
0.14730000 
0,04600000 
O. O~.)()60()0() 
",0, (l04;::;O()()O 
O. ()4600000 ().0201.)0000 
.... 0,00450000 
o t :::J12~.i999~f 
.... ().054HOOOO 
() ~ 3867~)999 
O.1.41.'lOO()() 
'''0.01030000 
O. ~j(?969?9} 
0.02290000 
O. ()2:~t:)()OO() 
O.()44600{;lO 
0.12300000 
.... 0,00680000 
0.07 :1.t:)()oot) 
0.1.:1. 8 C)OOOO 
"-O,OO'??OOOO 
O. 074~iOOOO 
Q.lj41.800()() 
{),497::iOOOO 
().4,?,L,4?9?? 
0.40050000 
(). 400~:;OO()O 
2.7105 11'S)<':"0 
O.8(3·400()OO 
O. :~2rlb9999 
o. 1. 2~j(i()OO() 
o. c,2~:'OOOO() 
O.21.?20000 
O. 20~.iBOO()O 
O.026?OOO() 
0.lO'l20000 
0.10720000 
:1.,00000000 
'7.1.?9?<??U:I. 
2.1. 3~~:?',()0()'7 
2 .1.:·53::~()O(),? 
(). O~~,4l 0000 
1..491.<iH ?<)l9f:l 
1. • 00397'99~i 
1.. 00:3?99(f~5 
O.Ob3bOOOO (). O:'~H2()()OO 
0.12490000 
0,03510000 
O. 400~:'.iOOOO 
~5. ~j5550003 
;oi. ;:1~;::;~i()()O:~ 
'0 t 97500002 
0.10710000 
0.2700000:l 
1.06700003 
1. t 06 /OOOI)~~ 
Type 
1 
1 
'\ 
3. 
i~ 
.4 
:l 
4 
it 
1. 
:I 
~~ 
:I. 
:l 
4 
:l. 
:I. 
4 
:t 
1. 
4 
:I. 
:1. 
4 
'\ 
4 
,(1 
4 
l~ 
4 
l~ 
.<) 
4 
-4 
.<) 
4 
4 
4 
A 
4 
.1\ 
4 
4 
4 
.1\ 
1 
:L 
4 
4 
4 
.<i 
4 
II 
4 
." 4 
If 
4 
£) 
E A2.4: Transmission Line Data for the New Zealand South Island S~stem Below Bromley 
Busbar Names A B C 0 E F G H I J K L M N 0 p Q 
CROMWELL-033 CROMWELL-03} FRANKTON-033 FRANKTON-033 1 1 .40 1 0.00 2 8 0 'J 3. 00 4.3), 15 .. 40 3.0:3 19.01 0.00 0.00 
HILLSIDE-066 MONOWAI--066 1 1 .50 1 0.00 1 17 0 0 1 . .50 0.00 11.83 -1. 21 11 .50 0.00 0.00 
MONOWAI--O.56 OI1AI-----066 1 1 .80 1 0.00 1 27 0 0 1. ,,50 ·j.OO 12.02 -1.;'4 11.50 0.00 (1.00 
uHAI-----066 ORAWIA---066 1 1 .00 1 0,00 1 17 0 0 1 • .50 0.00 12.02 -1.74 11.50 0.00 0.00 
OHA I ------066 WINTON---066 1 1 .60 1 0.00 1 27 0 0 1. .50 0.00 12.02 -1.;'6 11. 50 0.00 0.00 
BALCLUTHA110 GORE-----110 1 j .20 1 0.00 1 21 0 0 3. .00 0.00 12.00 -3.83 12.00 0.00 0.00 
BALCLUTHAII0 BERWICK--110 1 1. .20 1 0.00 1 21 0 0 3. .00 0.00 1.2.00 -3.33 12.00 0.00 0.00 
BERWICK--l10 HALFWAYBlIll0 1 1 .60 1 0.00 1 21 0 0 3. .00 0.00 12,00 -3.83 12.00 0.00 0,00 
BERWICK--110 WAIPORI---IJ.O 1 1 .20 1 0.00 1 21 0 0 3. .00 0.00 12.00 -3.83 12.00 0.00 0.00 
EDENI)ALE-I10 GORE-----II0 1 1 .00 1 0.00 1 21 0 0 3. .00 0,00 12,00 -3.83 12.00 0.00 0,00 
EDENDALE-II0 INVERCARG 110 1 1 ~O7 1 0.00 1 21 0 0 3. .00 0.00 12.00 -3.83 12.00 0.00 0.00 
GLn!AVY--II0 OAMARlI---110 1 1 .90 1 0.00 1 15 0 0 1. .00 1 t 7'2 12.00 1.92 14.73 0.00 0.00 
GLENAVY--II0 OAMARU---II0 1 1 .50 1 0.00 1 21 0 0 3. .00 0.00 12.00 -3.83 12+00 0.00 ().OO 
GLENAVY--11.0 TIMARU---I10 1 1 .20 1 0.00 1 15 0 0 1 • .00 1.93 12.00 1. 93 14.73 0.00 0.00 
rlLENAIJY--110 TIMARU----I10 1 1 .00 1 0.00 1. 21 0 0 1. .00 1.93 12.00 1.93 14.73 0.00 0.00 
GLENA'n--l10 GLENAVY--II0 WAITAKI--I10 WAITAKI--110 1 1 .80 1 0.00 2 8 0 0 3. .00 3.94 15.33 3.03 18.66 0.00 0.00 
GORE-----110 ROXBURGH-I10 1 1 .20 1 0.00 1 8 0 0 3. .00 0.00 12.00 -3.83 1.2.00 0.00 0.00 
HALFWAYBUI10 OAMARU---110 1 1 .80 1 0.00 1 8 0 0 :3 • .00 0.00 1.2.00 -3.83 0.00 0.00 
HALFWAYBUI10 OAMARU---110 1 1 .80 1 0.00 1 21 0 0 3, .00 0.00 12.00 -3.83 0.00 0.00 
HALFWAYBU110 HALFWAYBU 11 0 ROXBlIRBH-110 ROXBURGH-ll 0 1 1 .20 1 0.00 2 8 0 0 2. .00 3.94 16.55 2.88 0.00 0.00 
INVERCARGI10 WWTON----I10 1 1. .40 1 0.00 1 8 0 0 3. .00 0.00 12.00 -3.;'9 0.00 0.00 
A'JI EMORE -220 AVIEMORE-220 BENMORE--220 BENMORE--220 1 1 .44 1 0.00 2 6 2 29 3. • ~50 3.56 19.17 3.56 1.20 32.20 
AVIEMORE-220 LH'INGSTN220 1 1 .80 1 0.00 1 6 0 0 ;'. ~50 0.00 12~50 -7.58 0.00 0.00 
BErlMORE --220 TW IZEL ---220 1 1 .10 2 0.36 1 C. 2 29 6. ,50 0.00 12.50 -6.97 4.47 1. 8. 6~j 
HALFWt-lYBU220 DUN-ROX-TEMP ROXBURGH-220 ROXBURGH-220 1 1 .50 2 O. 4,~ 2 5 0 0 5. ~50 6.60 18.00 4.60 0,00 0.00 
HALFWAYBU220 DUN-ROX-TEMF' SOUTHDUN-220 SOUTHDUN-220 1 2 .40 1 0.00 2 5 1 36 5, .'50 4.70 11'l. 20 4.60 0.00 29.50 
HALFWAYBU220 [lUN-ROX-TEMF' SQUTHDUN-220 SQUTHDIJN-220 2 2 .60 1 0.00 2 5 1 36 3. .50 3.;'8 18.00 3.78 0.00 29.00 
IN'JERCARG220 INVERCARG220 MANAPQURI220 MANAPOURI220 1. 1 .90 2 0.46 2 6 1 32 4. .50 6.33 17.99 4.42 0.00 28.94 
INVERCARG220 ROXBURGH-220 1 1 .20 1 0.00 1 _ 5 2 31 6. .50 0.00 12.50 -6.47 4.61 18.4'l 
INVERCARG220 ROXBURGH-220 1 1 • 40 1 0.00 1 5 0 0 7 • .50 0.00 12.50 -7.20 0.00 0.00 
INVERCARG220 IN'JERCARG220 nWAI----220 TIWA 1----220 1 1 .30 2 0.46 2 6 2 3." 1\ • .50 6*29 1/ .. 95 4.41 t~52 28.26 
BROMLEY--220 LI'JINGSTN220 1 3 .00 2 0.46 1 6 0 0 7, .50 0.00 12.50 -7.62 0.00 0.00 
flRIJMLEY--220 L I '.' I NGSTN220 2 3 .50 1 0.00 1 6 0 0 ;'. .. 50 0.00 1,2.50 -7.62 o.()O 0.00 
BROMLEY--220 LI'JINGSTN220 ~~ 3 ,00 1 0.00 1 6 0 0 7. .50 0.00 12.50 -7,62 0.00 0.00 
BROMLEY--220 TEKAPO-B-220 1 1 .50 2 0.36 1 6 2 29 6. .50 0.00 12,.50 .97 4.47 18.65 
BROMLE'i--220 BROMLEY--220 TWIZEL---220 TWIZEL---220 1 1 .40 2 0.46 2 5 0 0 " .50 4.80 18.00 .72 0.00 0.00  . ...... LI'JINGSTN220 ROXBURGH-220 1 1 .30 1 0.00 1 6 0 0 7. .50 0.00 12.50 .58 0.00 0.00 co MANAPOURI220 MANAPOllRI220 TIWAI----220 TI WA r ----220 1 1 .60 2 0.45 2 6 1 32 'I. .50 6,34 18.00 4.42 0.00 29.00 N () H ,; Ij -- A- - -:.: 2 <) OHAU-A----220 TWI ZEL ---<220 TWI2EL------220 1 1 • ';'3 1 0.00 '1 5 0 0 " .50 6.60 18.00 4.60 0.00 0.00 2 "'. RClXBURGH-220 ROXBURGH-220 CROMWELL1220 CF:OMWELL2220 1 1 .02 1 0.00 5 0 0 4, .50 6.33 17.99 4.42 0.00 0,00 
CROMWELL1220 CROMWELL2220 TWIZEL---220 TWIZEL-- 220 1 1 1 .60 1 0.00 2 "- 0 0 4. .50 6.33 17 .. 99 4.42 0.00 0.00 J 
TEKAPO-B-220 TWIZEL---220 1 1 .80 2 0.36 1 6 2 29 6. ~50 0,00 12.50 -6,97 4.47 1B.65 
KEY TO COLUMNS 
A section number L Phase 2 hori zonta 1 distance (m) 
B number sections M Phase 2 vertical distance (m) 
C Length (km) N 3 hori zontal distance (m) 
0 Number of conductors in bundle 0 Phase 3 vertical distance (m) 
E Bundle spacing (m) p re horizontal (m) 
F Circuit type (1 single ci rcui t, 2 double circuit) Q re vertical stance (m) 
G Conductor type 
H Number of earth wires 
I Earth wi re conductor type 
J Phase 1 hor; zonta 1 distance (from the tower axi s) (m) 
K Phase 1 vertical distance (from the ground) (111) 
TEKAPO 
'8 
OHAU 
'A' 
TWIZEL 
CROM WELL 
SOUTH 
DUNEDIN 
MAN APOURI 
220 
BROMLEY 
22 0 
1220 2220 II 
LIVINGSTONE 
220 
TIWAI 
FIGURE A2.1: S· l ngle Line Dl· agram fo 
Below Bromley r the South I _ sland System 
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AVIEMORE 
WAITAKI -~"r--~~~~--M ~33 
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GLENAVY 
ROXBURGH 
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~011 C ~HALFWAY 2 BUS H 011 1033 ( 
..... ~-.!.. 
110 BALCLUTHA 
$033$ 'WAIPORI 
GORE HILLSIDE 
~06 
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-066 ~ EDENDALE ~ ~3J MONOWAI 
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Of) 
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APPENDIX 3 
DATA FOR THE NEW ZEALAND SOUTH ISLAND SYSTEM IN 1985 
The data used in the harmonic penetration program HARMAC to 
calculate the results in Chapter 8 is included in Tables A3.1-A3.4. 
The single line diagrams of this system are illustrated in Figure A3.1. 
185 
TABLE A3. 1 : Busbars and Loading for the South Island System in 1985 
(MW ~'and MVAR) 
Bw:;bar PI Ql P2 Q2 P3 43 
i:,I.1 I E t'i () F: E .. - 0 1 1 0 ,00 0 ,00 r·· ,I , 00 0 .00 0 , 00 0 .00 
(.:)1) I E hOr~E ····220 0 , 00 0 
· 
00 0 • 00 0 
· 
00 0 
· 
00 0 .00 
B r~I. .. CL UTH /~03 3 B 4""l" " 16 B 63 ... ) 16 B I. -x " 16 , '._ .. J r:_ • , ,:- , , ~ ... d ,: .. 
· BAl..CLUTH?,110 0 , 00 0 • 00 0 
· 
00 0 , 00 0 • 00 0 
· 
00 
BEr~CG20010~~] () , 01 0 ,00 0 ,01 0 ,00 0 , 01 0 ,00 
BFNCG2()020·:~3 0 ,Ol 0 .00 0 • 01 0 .00 0 • 01 0 
· 
00 
t{ ENi1-·· TEE BU ::3:1. 0 .00 0 .00 0 • 00 0 
· 
00 0 • 00 0 .00 BENh·_· TEE BUt;2 0 
· 
00 0 • 00 0 ,00 0 .00 0 
· 
00 0 .00 
BENMOI;:E .. - ····2 20 () .00 I' ~i 
· 
00 () ,.00 0 • 00 0 .00 0 • 00 
BENMUr';:E--101 6 100 .00 51 
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0,(::0 
O. ()O 
0, ()o 
4,1.)0 (),oo 
o • ,> () 
2 • F: :~I 
0.00 
o , ,:~ ~~ 
O.Or) 
() v .o!} '7 
o • () 0 
(l.()O 
().~)O 
11..(~j,? 
c..00 
o.()() 
0,.1.)0 
() • () (:0 
04100 
o. ()O 
2 t 0 () 
O. ( .. 0 
(),,{)() 
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QI 
(I,O() 
Ot~S~~; 
0.1.6 
0.00 
3, 1. (l 
1 • :3 ~5 
1 .? 4 
0.00 
1.0n 
0.00 
o • ~5,? 
0+00 
0,00 
0.00 () • 1:1. 
O.('i'l 
0,00 
4.60 
0,00 
O,.? 1. 
0,00 
0.00 
:\. , i7'B 
0,00 
o ., () () 
6,40 
0.00 
0.00 
:\:,~ + 2b 
0.00 
O. ('0 
0,.00 
1 ,4:.':, 
0.1-4 
0.00 
0.00 
O,()() 
:\. • 4 ~j 
0,00 
o.on 
0,113 
0.00 
0,14 
0,.00 
() • :~: (l 
0,·00 
(l " () () 
0.00 
4 • 2 ~~, 
0.00 (i,00 
o • ,:) 0 (),OO 
0.00 
0.00 
o .6(1 
0.00 
0.00 
P2 
0.00 
1 • (; .? 
O.BO 
0.00 
j, ~:; • ~~, () 
6 • '~J 7 
';:) + :~I 0 
0.00 
J. ~x.o 
0.00 
1 • ()7 
0.00 
0.00 
O.Or) 
() 7 ~5 :~I 
;.:.~ + 8? 
0.00 
1 A • 1,) 
O.,OCi 
:2 ~ 4 ~5 
0.00 
O.Or) 
6. 7~; 
0.00 
0.00 
1? • ~::iO 
0,00 
0.00 
6. 2~.\ 
i).OO 
O,()(l 
0,.00 
4,41 
o. A:3 (l.OO 
0.00 
O.()O 
Ii ,.00 
0.) 00 
0.00 
2 • B'~~, 
0.00 
0,4 '!" 
o.()() 
0,47 
0.00 
0.00 
0.00 
1:\. • .f.:.'J 
!,),OO 
o ,0 () 
0.00 (l,O() 
0.00 
0,00 
:2 ,. 00 
0,00 
0.00 
Q2 
0.00 
().~j~5 
0, :1.6 
0.00 
3. :1. () 
1 • ::!, ~j 
1 .74 
0.00 
1,OB 
0.00 
o . ~;'7 
0.00 
0.00 
0.00 
O.U. 
O.B4 
0.00 
4 ... 'SO 
0.00 
0.'71 
0.00 
0.00 
1 • 7' 8 
0.00 
0.00 
,'.J • A 0 
0.00 
0.00 
2.26 
0.00 
0.00 
0.00 
1 , 4:::'; 
() • 1. 4 
0.00 
0.00 
0.00 
1 • '1 !::i 
O.O(l 
0.00 
0,9:3 
0.00 
0.14 
(1.00 
0,20 
0,.00 
0.00 
0.00 
4 • 2:~ 
0.00 
0,00 
0,.00 
0.00 (l,OO 
0,00 
0.66 
0.00 
0.00 
P3 
0.00 
1.6/ (l,BO 
0.00 
:1. ~::;. 30 
,5. lJ l 
-=.i • ::~I () 
0.00 
-x ".1 r-
",' + ,-,II.I 
0+00 
1.9'? 
0.00 
0.00 
0.00 () • ~:) 3 
2.0'7 
0.00 
1A.10 
O.()O 
2 ~. 43 
0.00 
OtOO 
b./'~:~ 
0.00 
0.00 
1.? • ~.')o 
0+00 
0.00 
<!'" + 2 ~~.~ 
0.00 
O.ot) 
0,·00 
4.4l 
0.4.3 
0.00 (i.OO 
0,00 
.0,.00 
o.()() 
04-00 
2 v ~:~3 
0.00 
0.43 
0.00 
0,4:7 
0.00 
0.00 
0.00 
:I. :!. + 6:t 
0.00 
O.Of) 9.9 0 
u • ()f) 
(1,.00 
0.00 
2,00 
O.()O 
0.00 
Q3 
0,00 
() t· !:"!.:j 
0.1.6 () • Of.) 
:',,10 
:l • ] :.:.i 
:1..74 
0.00 
:t.OB 
0.00 
0.~5/' 
0.00 
O.()O 
O,()I) 
Co.1.:\. 
O.BA 
0.00 
4 t {j 0 
0,1)0 
0.'?1 
0.00 
0.00 
j"Cj'\:l 
1).00 
() ,00 
6,40 
O,()O 
0.00 
.") ,.~ 1. 
.\'" ~ .,' .. \ .. ' 
0.00 
O,()() 
OtO() 
:1. , 4 ~5 
() • 1.4 
0,00 
OtOO 
I) ., 00 
t • A ~j 
o.()() 
0,.00 
(I • C):~ 
0.00 
0.1.4 
0.00 (),20 
() ,. 00 
0,00 
OtOO 
4~23 
0.00 
O.,()() 
0,.00 
0+ O() 
o ' (:, (. 
0,00 
() j. () (~ 
O.()O 
o .O(j 
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TABLE A3.2: Transformers for the South Island System in 1985 
BU!:ibars 
leakage 
:'cactnnce (pu) 
(), (i'50ii???B 
O. 958~)C)(;i'9(.:; 
1. O~~400()O~:) 
0, ·3330<;.'C/99 (J,:31t.i.?OOOI. 
o t 3222999') () ~ O~'5H30000 
O,04j.,?OOOO 
(),062'7001.)0 
O.039?OOOO 
0, (;4120()OO 
0.044::)1)000 
1,OOO()OOOO 
'I..,OO()OOOOO 
.0 ( .. ;;~ ~:i 4 0 () 0 0 :i 
1.OOO()OOOO 
i.) ~ B 3 :?; ~;,:: <; \/ ~'.I~ .:? 
0.) L),F: 4 O(:l(l()(: 
1),4B400t)()O 
o t (~~\70:~~}\')9B 
o j. 30i~,{:)j.)OoO 
(), /1'100001 
I.~:' ~ /,}:t OOO() 1 
o i 0 :'::: B ~',:~ 0 \} () (: 
···0.004:c,OOO() 
o t 1. 'y' ~:,~ ',:1 \;) 7' 9 fj' 
i.)t,O\r:'J1?lOOOO 
o + OO~.::~40(}O() (} ~ : ..~ B /.\ () ':? ')-" ~? .) 
(). {)b~ll (lOOO 
0.OO·;;'·40()OO 
() + ::~: B.!) !,) 9 ,} ~;. 5' 
() \- 074?iO,~»O() 
() to OB2} ();:)OO 
o to 21.6/00o i.) 
O,O?4::X,OoOO 
O.OH2:LO()OI.) 
o , 2 1 t:. } 0 0 0 () --
O,OBO!3()OOO 
.... () + (){);:·10000 
o 4> O'5~'~.iaC)oOi.) 
0, {)D:~:2()()()O 
.' O. 004Honoo 
() t 0 5 ~~I :",.;: () () () 0 
o t· OB3'::!OOOO 
·O.004BOO<)O 
o '" O~5~520000 
O.1Bl'?OOOt (; .1';i'300000 
O,4B01S''j'C?C,) 
l .OOOOOO()I) 
2 f 2974':-;;':'J\;':-() 
O. ~.~:~) 13 1.)001.) 
o. 4B:;~~:.;O(!()O 
o 'r 4~3:"~~5000() 
o .) 3 ::~, :!.: c:, () (; () 1 
O. ?H3~::;OOO() 
Of S':;' 1. 09'1\9'/ 
O,3::~21?9?? 
() t 33219~i\;;9 
1.) " (? ~::; H 9 ~j) 9 (,;':' ') 
(:<. ~?:6960000 
1.,OO()lOO();,: 
:L • ~:.il B00001 
1. .!:i 1 ~3(l()()O 1 
t i- ~:16~.l\.j'99~;\B 
O. !:5 :1. ~<;()O()U I. 
().~:.;1.4~!0002 
O.'-l5.LOo:;r;';l9 
O. f)~;:l. (l1~'C?9~? 
0.:532/000:1. 
() + 4t~) ?~:.(:tooo 
O.l.<JOOO()()O Q.:\.f)()OOOOO 
(). 2~54000() 1 (), 11 n;oooo 
·-(),O1.000000 
0,41400000 
(1 i- 02i.l00()()O 
O. OC)~;20()OO 
() + 0';1'7.50000 
O<}97020000 
o (0 ~l '? <) 2 0 0 0 t) 
Typc 
! 
4 
I 
1. 
It 
:l 
1 
tii 
1 
, 
.I 
I..} 
.\ 
'. 
'I 
I. 
, 
I. 
.', 
"J 
:l. 
1 
4 
189 Leakage Busbars reactance (pu) Type 
I NVE .,. T 1:.EBUS2 INIJEI:;:CARG220 0.03310000 1. 
INVE··· T EEf!.llB2 I.NVEt~CAt~G 11 0 0.05610000 1 
INVE··TEEBUS·2. INIJBB0501011. O. 14 7~SOO()0 4 
HENM--TEEBUS:I. BENMOf,E -- -.. 2 20 0.04600000 1 
BENM···TEEBUBl. BENMORE'-l 0 1. 6 O.020bOOOO I.) 
BENM-' T EEBUB:l. BENCG200:l. O~~3 '''0,00450000 4 
HENM-- TEEBUS2 BENMOf.:E -- .... 220 O.O46000()() '.I. 
BENM···TEEBllS2 lIE NMDHE"- 2 0 16 O.0206()OOO ,4 
BENM .... TEEBlIS2 BENCG200:20;n "-0. 004~JOOOO 1\ 
HDX p. ... TEHIl.IS 1 FWXBUf~GH-'220 0, 21 259~)9t) 1-
FWXB-" TEEBUS l. I;;;OXBUFWH --110 "-O.05480()()() :1. 
I;;;OXB .. · TEEBUS 1 r'WXBBO~;Ol 011 o. :!',B6 79'19'.) 4 
~J I NT .... TEE BUS 1 WINTON ............ 11.0 0.14170000 :1. 
WINT-TEEBI.JBt W I NT ON-- ...... -06 (.') ·~0,():I.()30000 :1. 
~J I NT .... TEEBUSl. WINFE.Ol~/1011 O.5'i'<i6<?9<F7 .<\ 
H?llF TEEflUSl H(..1L.FW(..\YBU220 (),022(10000 :\. 
HALF·~TEF.BUS1 j'HH_Fl,JAYBU110 0,.02360000 l. 
HAlF--TEEBU8:L HAL.S(..\1001011 (l,()4460000 4 
H.iLF .... TEEBU82 HALFWAYBU110 O. 12~~OOOOO :I. 
HAL.F .... TEEBUS2 HALFl,.)AYB10:n .... ().OO(:.BOO()() 1. 
HALF .... TEEflUS2 I'II~ LE E O~; 0:2 0 II 0.()'7160000 if 
HAL. F _. TEEBllS 3 H(..ILFl<JAYBUilO O.11.B90000 :I. 
HA L..F"- T EEBUS 3 HALFlJAYB103:"~ "'0.007";0000 :l 
Hf'ILF-TEEBU83 Hr-ll..EEO~;i010ll 0.074:':';0000 4 (oW I EMOI;:E .... 2 ~!o 1;\"'IEMOI~:E''''Oll O.04:L80000 'I 
Bf~l..Cl..UTHAO;·~·3 BALCl...lJlH?\110 O.497;50()OO 4 
BI~I...CI...UTHAO~3:?i BALCL.lJTI-IA110 0.4964<?<1'l9 II 
C I:;:OM !.lIE L.I... .... 03:~ Cf;:OMl,.JEl..I...2220 0.40050000 4 
CP()MWEI...l.. .... 03:~ CI';;OMWELL 1. ~!::!o 0.40050000 .I.} 
1:::DENIIAL.E-"01.1 EDENDAL.E-·l:l.0 2. 'J 1. 0!:.;C;<9~)O 4 
EDENDAI..E .... 033 EDENDALE·-ll0 0.88400000 1.\ GO I:, E· .. · .... _ ......... () ;1., 3 GOf\E-.................. :l.:lO O. ;~,2969999 4 
HAL. Ic' WAY B ~'? 0 :~ 3 HALFl~AY13U220 Q.12!,)<{OOOO A 
HU.LBIDE--033 HILl..tlIDE .... 066 ().62';;.iOOOOO 4 
I NIJ ERCAPGO:5 3 INVEF:CARG2:20 O. 21. ':i~~OOOO II 
INVERCARG()3:~ INIJEf,CARG220 O.205BOOOO 4 
MAKr~REWA''''033 MAKAh:EWA .... 2:!O 0.O5()OOO()() l\ 
t'iAKAREWA .... 03~!. MAK AREWA .. -220 O.050()OOOO· 4 
MANAPOUR I 2~!O MMH~P()UI;:1014 O.02f;,9()O()() 4 
t1ANAPOUIU 220 M?I N (I F' Dllf,20 1. 4 0.10720000 4 
MANAPOURI220 i'H~NAPOUR:W 14 0.10'720000 II 
110NOWA J. _ .... 06c) f'i 0 NOl.<I A I - .... 0 Of.:, 1.OOOOOO()() 4 
MONOWAI-.... ·Ol1 MONm!AI'-'-006 '7 • 1. <;> 9 (j)(jH}l B 1 II 
NASEBY .... ~ .. -OT!, NASEBY--, .... 220 (). ':.'.;0040001 4 
OAMMnl ............ Oll DAMM.;:U ............ 110 O.;33:L4000:l -4 
OHAl>" ............ 0 11. OHA 1'-·" -- - -·0 f.:,f:., 2. 1 ~B::',OOO'J 4 
UHAI--·-"· --Oil ClHA I ·_·_ ........ ·-O,S6 2. 1 ~5:nOO()'? 4 
OHAU-.. A-· -"-220 OH?II.J .... A· ...... -O 1. 2. 0.03410000 4 
OHAU .... A .... · .. · .. ·220 OH';U .... I~ _ ......... 0 1:~ o • O:H 1 0000 4 OHAU .... £!-· ........ 220 OH?IU .. ··B .... --·Ol~~ O. O:~4 j, 0000 4 
OHAU .... B-...... ·~220 ()H~~U .... B ............ Ol:5 0.0:5410000 4 
DHAU c-· .. ·· .... 2;:~O OH?IU .... C· ...... -013 O. 0~.410000 4 
OH'~U .... C .... - .... 220 OHAU .... C ...... · .... O 13 0.0~34100()O .<\ 
()f~AWIA-· · .. 011 DR?IW I ?I- ...... · 0 66 1.491 C)99 i£'f3 4 
F:' A I. .. MERS T N 0:53 PALMEI;:BT N 11. 0 O.8BO(?<i)99f.i .I) 
HDXBB05010l1 fWXBURGH- 03~~ 1 • 0039i199~i :I. 
ROXBB050:L011 F~ (] X FlUI::: G H "-0 33 1. .003Q(r('19:::; 1 
RUXBUfWH .... l10 ROXBUFWH201 :l. 0.06360000 4 
t:;: () XBU I~ G H"~ 220 ROXBURGH101.1 0.0:5820000 ·4 
s [) U T H DUN"- 0 :~3 BOUT HDUN .... 220 0.1.2490000 .'\ 
TEKAF'O· .. ·B .... 220 TEKt~PO-·B .... Ol1 0.03510000 .<\ 
THIAI .... • .. 1.033 T I \~A I - .... -· .. 220 0.08220000 4 
nWAJ.-- 2033 TIWAI-- ........ 220 O. 08~~20000 .1\ 
TW I ZE L. ........... 033 TWIZEl..-- .. • .... 220 O. 400~jO{)O() 4 
\tJAJ.H~KI ........ 011 WAITAKI-·"-110 5. 5555000::~ 4 
W?ll: HIK '1 .... Oil W?IITAKI ........ 110 ~j + ~j~}5!5000~~ 4 
"JAnAKI .- O:~;~ WAITAKI· ...... 110 0.97500002 .1) 
WA ITAKI· ...... 11 0 WAIHIKI .. -2011 0.10710000 4 
WAITAKJ,-- 1.10 WAIT,~KI-·l(ll1. O.2}()()OOOl 4 
WINTON .. ··_ .... Ol1 WINTON-...... _·:110 1.06700003 4 
"lINTON .... "-Oil WINTON .... · .. · .... :l10 1.06'?O()OO:5 lj 
MHII N G T N :I 0 1 1 ADDINfnON066 O.32t.40()()1 4 
ADDINGTN1.()l1. ADDINGTON066 0.:52240000 4 
r1DDINGTN1.0l1 ~IDf.I I NGTONC (~6 O.31BB9(.?9~? -4 (.)[IDINGTN1.011. ADDINGTON066 o. :H6:"~(il(?99 II 
(~DnI NGTN201 '1 MHIINGTONOcl6 O. ~~;527'997'9 4 
ADDINGTN201.1 1~[lDINGT()N066 o • 3~i26()O() t 4 
ADDINGTN30:11 MIDI NGTON066 o • ;:~,;l,~550000 4 
M .. BUI~Y·-"·"""011 ('~L BUR Y -- -" --11 () 1.lJ07 I"1?'J 1'fi? 
" M~AHUt~fl''''-O:ll M~AHURA·"-.. 06/.:. :l. • 421 49~Fl'J 4 t~ I~ A H U I~ A ..... - 0 1 1. 1~I~r~ HURA· ...... O,':,6 1. ;~24BOOO:l .1\ 
l!:)f~NDLD·· .... 066 ~I R N DL [1 .... _ .... 003 1.34249'1'97 4 
ASHBURTON011 A B H B U In () N 1. 10 0.96:200001 1\ 
Busbars 
MOrUP!F'!"Uj,~ 
~\ \..ll~ CHI B D N 0 :I. :I. 
STOK· .. ·TEEBUBl 
BTOK· .. TEEIIUf.) 
B T 0 t{ ... TEE BUB 
\:; T () I{ '" TEE llU~:' 
STCJ~:"-TEEBUB 
H T D 1\ ... T E. E B U 
~:l T 0 ~; F: .............. 0 
~::; TOKE·' '"'''' 0 
UPPEP T r~l<t\() 1 
1"IFqTPOF~T""()'J (,) I:: [; T I:' U !;~ T .... 0 :L 
190 
MOTuPlf-'T-066 
MURCHIEUNllO 
S TOt>:E -- -- ······-220 
s-rf'lKF-"" .... ·-i:l 0 
ST6tiEl 0020:i i B T 0 1\ E _ .. _ ......... 1 1 0 
H T 0 I'; E ......... ,,- 0 ,I) 6 
81'0810201011 
8 T 0 ~; E ." ...... - .. - :2 2 0 
BTOKE .... · ........ ·2?O 
UPPEI~ T fit.; ,~066 
\~ESTPOf~T 1110 
~JESTF'(]HT2110 
Leakage 
reactance (pu) 
(,) •. ,5'/4100 In. 
1 • ~t9"!..999\N.) 
O,0260()()()() 
(l,0269()()()O 
O.O,?l?40000 
(). 11 n';OOOO 
... () ,01. 000000 
0,41400000 
o • 18<?20000 
o • 1 9:5~) 0 () 0 () 
2:1..0000()OOO 
i),f.:.67000()O 
o .6(; 700()()O 
Type 
1..\ 
4 
l 
1 
4 
:I. 
1 
4 
1.\ 
4 
1.\ 
4 
A 
TABLE A3.3: Generation for the South Island System in 1985 
[3w,ibar 
tl\) I EJvl0F:E .... O 1 1 
D I:~ [.{ M (] R E " .. 1 0 1 ,~.l 
B ENl'iO f~E ",,20 1. 6' 
M !~ N I~ I~' () U ~; 1. 0 j 4 
~'1(.:lN?IPOUF~20:l. 4 
f'1 r;N I~P() U!:'~:3 014 
t'l DNfJ W f.l I"" .... 0 0 6' 
DH(~U'-'~"- ·-01::5 
F:OXBUt~GH 1. 0 11 
F~O><BUI~GH20:l1. 
T E 1\ ?if' 0 "" ll-' 0 1 1 
~Jr~ I Tf~l{. I · .. 10 1.'1 
1~f.lIT(~I\J-·2011 
(~RNOLD"""- 003 
CDLEHIDGEO()6 
D I LLMM~B""O 11 
COBB -- ""-"'- 00 t:" 
Subtransient 
reactance (pu) 
() f 1. 320 
(I, ')BB:7i 
o t '.)8B5 
0,03'70 
O.14BO 
0,1.480 
2,2t,50 
O,O<f42 
0,1240 
O,20HO 
0,0731 
1.,1020 (;,4260 
A,001.IJ 
0,. C:,C;'OO 
1",891.0 
0,9000 
TABLE A3.4: Transmission Line Data for New Zealand South Island System in 1985 (Nelson District) 
Busbar Names A B C D E F G H I J K L ~~ N 0 P Q 
HOPE""----033 HOPE----·-033 STOKE----03:) STOKE----033 1 1 9.66 1 0.00 ') 2~! 0 0 .50 1.</7 13. :12 1.74 .14 (l.OO O.()O CDBB-----066 UPPEf{IAKA066 1 1 10.40 1 0.00 1 10 0 0 f!7,O O.()O H:~g =~: '~f;~ :~8 8:88 8:88 COBB--"---066 UPPERl'AKAO·56 1 1 10.60 1 0.00 1 14 0 0 .50 0.00 
nOBSON---066 BLACKWATR066 1 1 43.00 1 0.00 1 26 0 0 .50 1.59 13.32 -1.59 .:!·2 0.00 0.00 BLACKWATR066 REEFTON--OM 1 1 25.20 1 0.00 1 10 0 0 .00 0.00 12.00 -3.84 .00 0.00 0.00 REEF10N--066 1NANGAHDA066 1 1 28.80 1 0.00 1 10 0 0 .00 0.00 12.00 -4.18 .00 0.00 0.00 
M01UEKA-l066 STOKE----OM 1 2 19.:10 1 0.00 1 14 0 0 .50 0.00 11. 50 -2.75 .50 0.00 0.00 
MOTUEKA-i.066 STOKE----066 2 -, 16.70 1 0.00 1 10 0 0 .50 0.00 11.50 -2.75 .50 0.00 0.00 
MOTUEKA"-2()66 STOKE'--'--066 1 2 19.6() 1 0.00 1 10 0 0 .50 0.00 11.50 _" II:" ISO (l.OO O.O() ""'I>/..J MOTlIEKA-20t.6 5TOKE--"--Qt.6 2 2 16.8() 1 0.00 1 1t\ 0 0 .50 0.00 11.50 -2 .. 75 .50 O.()O 0.00 
MOTUEKA-l066 UPPERTAKA066 _ 1 1 23.62 1 0.00 1 14 0 0 .50 0.00 11. 50 -2.75 .50 0.00 O.()O 
~lOTlIEKA-2066 lIPPERTAKA066 1 1 22.46 1 0.00 1 10 0 0 .'50 0.00 11.50 -2.75 .50 0.00 0.00 
MOTUP IF' 1-066 UF'PERTAKA066 1 1 19.30 1 0.00 1 14 0 0 .. 50 0.00 11.50 --2. ~]5 .50 0.00 0.00 
MOTUP1F'I-066 UPF'ERTAKA066 1 .1 19.47 1 0.00 1 17 0 0 .50 0.00 11. 50 --2.7:; .. :fO 0.00 0.00 
BLENHE I M-ll 0 K1KIWA---l10 1 1 107.70 1 0.00 1 10 0 0 .00 0.00 12.00 -3.87 .00 0.00 o.'.)() 
BLENHEIM-ll0 SI0KE----l10 1 1 76.40 1 0.00 1 6 2 32 .00 2.58 1.5. :1.4 2.58 .30 1.54 21.BO 
INANGAHUA110 KIKIW(\---110 1 2 88.30 1 0.00 1 5 0 0 .50 3.78 18.00 3.78 t50 0.00 0.00 
INANGAHUA110 KIKHlA---I10 2 2 9.10 2 0.46 1 5 1 36 .50 6.60 18.00 4.60 .50 0.00 32.21. 
1NANGAHUAll0 MURCHISON110 1 1 34.90 1 0.00 1 10 0 0 .00 0.00 12.00 --4 • 7~~ .00 0.00 0.00 
1NANGAHUAll0 WEsTPORT1110 1 4 9.10 2 0.46 1 5 1 36 .50 6.60 18.00 4.60 .50 0.00 32t21. 
INANGAHUA110 WESTF'ORTll10 2 4 6.53 1 0.00 1 1- 0 0 ~50 0.00 12.50 -7.15 .50 0.00 0.00 
INANGAHUA110 WESTPORT1110 3 4 14.19 1 0.00 1 8 1 36- .00 -2.95 13,85 2 t 9~5 .70 0.00 21. 00 
INANGAtlUAll0 WESTPORT1110 1 4 24.61 1 0.00 1 3 1 3b .00 3.08 1 r I:,MC" .,J.,J.,J 3.08 .10 0.00 24.15 
INANGAHUA110 WESTF'ORT2110 1 2 26.21 1 0.00 1 10 '2 34 _ .00 0.00 12.00 -4.73 .00 ;',. 36 1'5.29 
INANGAHUA110 WESTPORT2110 2 2 23.38 1 0.00 1 12 0 0 .00 0.00 12.00 -4.18 .00 0.00 0.00 
K1KHIA---ll0 MURCHISONII0 1 1 54.70 1 0.00 1 10 0 0 .00 0.00 12.00 -4.73 .00 0.00 0.00 
KI K IWA---ll 0 STOKE----110 1 2 14.60 1 0.00 1 10 0 0 .00 0.00 12.00 -4.73 .00 0.00 0.00 
KIKIWA---110 STOKE----l10 2 2 38.30 1 0.00 1 10 0 0 .00 0.00 12.00 -3.78 .00 0.00 0.00 
BRIGHTWAT220 K1KIWt'l---220 1 1 36.10 1 0.00 1 5 1 32 .50 4.55 17.95 3.94 .41 1.82 27.35 
BRIGHTWAT220 STOKE----220 1 1 19.50 1 0.00 1 5 1 32 .50 4.55 17.95 3.94 .41 1.82 27.35 
KIKIWA----220 STOKE----220 1 1 52.64 1 0.00 1 c ..J 1 32 .50 4 ~t" • OJ.., 17.95 3.94 .41 1.92 27. 3~:i 
1 SLI NGTON220 K 1 KI WA----220 1 1 229 .. 70 1 0.00 1 5 0 0 .. 50 0.00 12.50 -7.58 .50 0.00 0.00 
....... ISLINGTON220 K1KIW(\---220 1 1 236.00 1 0.00 1 5 0 0 .50 6.60 18.00 4.60 .50 0.00 0.00 !"O 
....... 
KEY TO COLUMNS 
A section number L Phase 2 horizontal distance (m) 
B number of sections M Phase 2 vertical distance (m) 
C Length (km) N Phase 3 horizontal distance (m) 
D Number of conductors in .bundle 0 Phase 3 vertical distance (m) 
E Bundle spacing (m) P Earth wire horizontal distance (m) 
F Circuit Type (1 single circuit, 2 double circuit) Q Earth wire vertical distance (m) 
G Conductor Type 
H Number of Earth wires 
I Earth conductor type 
J Phase 1 hor; zontal distance (from the tower axis) (m) 
K Phase 1 vertical distance (from the ground) (m) 
TABLE A3.4: Christchurch District 
Busbar Names AB C D E F G H I J K L M N 0 p Q 
Hor':NBY-·--033 ISLINGTOr~O:53 1 1 3.22 0.00 1. 22 0 0 2 ~ 1.2 11.50 1 • 't 7 13.3:~ 1. 74 1. ~j • 14 0 .. 00 0.00 
LINCOLN--O:n SF'R I NGSTN033 1 1 4.40 0.00 1 22 0 0 2 f 12 11 f 50 1. 97 12.,32 1. 74 15.14 0.00 0.00 
ADDINGTON066 ADDINGTON066 ISLIrWTON066 ISLII~GTON066 1 1 8.46 :2 0.46 2 d 0 0 1.74 11.50 2~65 1:3 .. 77 1. .74 16.05 0.00 0.00 
ADDINGTON066 ADDINGTON066 ISLINGTON066 ISLINGTON066 1 1 8,50 2 0.46 2 " 0 0 1.74 1.1. 50 2.65 13.77 1. 74 16. O~j 0.00 0.00 "' ARAHUI,A--066 GREYMOUTH066 1. 1 :12.61 1. 0.00 1. 14 0 0 :1.03 12.00 2 .. 85 15.2} 2.79 1. B • ~':i4 0.00 O.O() 
A I;: A HU R A-- 0 6 6 HAfnHARI-066 1 2 ~6.80 1 0.00 1 11\ 0 0 3.23 1.1. 50 0.00 11.50 -3.23 11.50 0.00 0.00 
ARAHUF:A--066 HARIHARI-066 2 2 28.00 1 0.00 1 14 0 0 3.23 11. 50 0.00 11.50 -3.23 11. 50 0.00 o .\)() 
ARAHURA--066 ARAHURA--066 OTIRA----066 OTIRA--·--066 1 1 65.50 1 0.00 2 22 0 0 2.12 11.50 1.97 13.32 1. 74 1.5.14 0.00 0.00 
ARNOLD---066 DOBSON·---066 1 1 14.44 1 0.00 1 28 0 0 1 .. 82 11. 50 0.00 11.50 -1.82 1.1.50 0.00 0.00 
ASHLEY-~-066 SOUTHBRK-066 1 1 12.02 1 0.00 1 8 0 0 2.05 11.50 2.53 14. ;',8 2.05 17.26 0.00 0.00 
ASHLEY---066 WAIF'ARA--066 1 1 27.92 1 0.00 1 8 .0 0 2.05 11.50 2,53 14.3i3 2.05 17.26 0.00 0.00 
CA IF:NP,RAE066 HIGHBANK-066 1 1 12.30 1 0.00 1 '>" 0 0 1,82 11.50 0.00 11.50 -1.82 11.50 0.00 0.00 J- ... } 
COLERIDGE066 HORORATA-066 1 " 7.40 1 0.00 1 23 0 0 0.91 11.50 -0.91 11.50 0.00 13.08 0.00 0.00 COLEF(lDGE066 HORORATA-066 2 2 44.00 1 0.00 1 21 0 0 0.91 11. :;0 -0.91 11.50 0.00 l3.08 0.00 0.00 
COLERIDGE066 COLERIDGE066 HORORATA-066 HORORt!lTA-066 1 2 32.90 1 0.00 2 21 0 0 7.58 11.50 5.76 11. .50 6.67 13.0B 0.00 0.00 
COLERIDGE066 COLERIDGE066 HORORATA-066 HO F:O RATA -0 66 ') 2 14.00 1 0.00 2 21 0 0 1.97 11.50 2.88 14.53 1.97 17.56 0.00 0.00 
COLERIDGE066 COLERIDGE066 OTIRA----066 OT [I\A-·--·-066 1: :3 66.00 1 0.00 2 22 0 0 1.35 11.50 1.80 13.32 1 .. 35 15 .. 1.4 0.00 O.()O 
COLERIDGE066 COLERIDGE066 OTIRA----066 OT IF:A---·-066 2 3 5.40 1 0.00 2 12 0 0 1 t 35 11.50 1.80 13.32 1 -l~ 15.14 0.00 0.00 .uC! 
COLEI\IDGE066 COLERIDGE066 OTIRA----066 OT I RA·-·---066 3 3 11.80 1 0.00 2 22 0 0 2.57 11.50 2.57 14.2:5 2.57 16.96 0.00 0.00 
CLJL,)ER-II066 KAIKOURA-066 1 1 84. ~,O 1 0.00 1 14 0 0 2.90 11.50 0.00 11.50 -2.90 11.50 0.00 0.00 
CULVER-II066 WAIF'ARA--066 1. 1 3'1.00 1 0.00 1 5 0 0 5.10 12.50 6.60 18.00 4.60 23.50 0.00 0.00 
DOBSON---066 GREYMOUTH066 1 1 8.00 1 0.00 1 H 0 0 ~" 03 12.00 2.85 15.27 2.79 1.8.54 0.00 0.00 
DILLMANS-066 KUMARA---066 1 1 8.00 1 0.00 1 13 0 0 1.74 1l. .50 0.02 12.02 -1.74 11.50 0.00 0.00 
GREYMOUTH066 KUMARA---066 1 1 23.38 1 0.00 1 26 0 0 1.59 11.50 1. .59 13.32 --1.59 11.50 0.00 0.00 
HIGHBANK-066 HORORATA-066 l. 2 13.87 1 0.00 1 18 0 0 0.91 11.50 0.00 13.013 -0.91 1.1 • !'iO 0.00 0.00 
HIGHBANK--066 HORORATA-066 2 2 7.68 1 0.00 1 18 0 0 2.89 11.50 0.00 14.80 -2.89 11.50 0.00 0.00 
HORORATA-066 ISLINGTON066 1 :> 23.68 1 0.00 1 2l 0 0 1.82 11.50 0.00 11.50 -1.82 0.50 O.O() O.O() 
HORORATA-066 ISLINGTON066 2 3 20.92 1 0.00 1 21 0 0 2.85 11.50 0.00 11.50 -2.85 11.50 0.00 0.00 
HORORATA-066 ISLINGTON066 3 3 6.03 1 0.00 1 6 .0 0 3.03 11.50 2.85 14.77 2.79 18.04 0.00 0.00 
HORORATA-066 ISLINGTON066 1 3 21.72 1 0.00 1 21 0 0 1.59 11.50 0.00 13.62 -1.59 11.50 0.00 0.00 
HOr,ORATA-066 ISLINGTON066 2 3 20.48 1 0.00 1 21 0 0 1 • 8~!' 11.50 0.00 11. 50 -l. 82 1l.50 0.00 0.00 
HORORATA-066 ISLINGTON066 3 3 6.03 1 0.00 1 6 0 0 3.03 11.50 2.85 14.77 2.79 18.04 0.00 0.00 
HOROI\ATA-066 ISLINGTON066 1 1 -15.13 1. 0.00 1 21 0 0 1. 82 11.50 0.00 11.50 -1.82 11.50 0.00 0.00 
HORORATA-066 ISLINGTON066 1 1 45.23 1 0.00 1 21 0 0 1. 82 11.50 0.00 11.50 -1.82 11.50 0.00 0.00 
ISLINGTON066 [SLINGTON066 F'APANUI--066 F'1~F'ANUJ.--066 1 1 8.71 2 0.46 2 5 0 0 2.73 11.50 3.48 14.23 3.33 16.95 0.00 0.00 
ISLINGTON066 ISLINGTON066 F'AF'ANUI--066 F'APANUI--066 1 1 8.71 2 0.46 2 5 0 0 2.73 11.50 3.48 14.23 ~~, t :~, 3 16.95 0.00 0.00 
ISLlNGTONOM ISLlNGTON066 SOUTHBF:~·:--066 Sf] U T H B:=~t;; .. -0 6·S 1 2 11.26 1 0.00 2 8 0 0 1.74 11.50 2.65 14.22 1. ? 4 16.05 0.00 O. ',)0 
ISLINGTON066 ISLINGTON066 SOUTHBRK-066 SOUTHBRK-066 2 2 14.20 1 0.00 2 8 0 0 2.09 11.50 2.88 14.38 2.09 17.26 0.00 0.00 
ISLINGTON066 SOUTHBRK-066 1 2 14.00 2 0.46 1 5 0 0 5.10 12.50 6.60 18.00 4.60 23.50 0.00 0.00 
ISLINGTON066 SOUTHBRK-066 2 2 19.07 1 0.00 1 ·8 0 0 3 t 10 12.00 -2.95 1 ~, t 85 2.95 15.70 0.00 0.00 
ISLINGTON066 ISLINGTON066 SF'RINGSTN066 SF'RINGST"N066 1 1 12.80 1 0.00 2 8 0 0 1.74 11.50 2.65 14.22 1.74 16.05 0.00 0.00 
KAIAF'OI--066 K AI AF'OI --066 SOUTHBRK-066 SOUTHBF~K-066 1 1 7.10 1 0.00 2 12 0 0 1.74 11.50 2.65 H.22 1. 74 16.05 0.00 0.00 
.-. SOUTHBRK-066 WAIF'ARA--066 1 1 34.60 1 0.00 1 8 0 0 2.05 11.50 2.53 14.38 2.05 1"7.26 0.00 0.00 I.D ALBURY---ll0 TEKAF'0---110 1 1 39.40 1 0.00 1 21 0 0 3.85 12.00 0.00 12.00 -~'t 85 12.00 0.00 0.00 N 
ALBUI\Y---l10 TIMARU---ll0 1 1 39.30 1 0.00 1 21 0 0 1. 90 12.00 0.00 14.73 -1. 90 1.2.00 0.00 0.00 
ASHBURTONll0 HORORATA1110 1. 2 43.66 1 0.00 1 21 0 0 1.90 12.00 1.90 14.73 -1. 90 14.73 0.00 0.00 
ASHBURTONll0 HORORATAll10 .. , 2 5 t 16 1 0.00 1 15 0 0 1. 90 12.00 1.90 14.73 -1.90 1.4.73 0.00 0.00 
ASHBURTON110 HORORATA2110 1 2 6.27 1 0.00 1 21 0 0 1.90 12.00 1.90 14.73 -1.90 14.73 0.00 0.00 
ASHBURTON110 HORORATA2110 2 2 42.76 1 0.00 1 15 0 0 1.90 12.00 1.90 14.73 -1. 90 14.73 0.00 0.00 
ASHBLJRTONll0 TEMUKA---l10 2 22.30 1 0.00 1 15 0 0 9.09 12.00 5.30 1.2.00 9.09 14.73 0.00 0.00 
ASHBURTON110 TEMUKA---l10 2 " 34.20 1 0.00 1 21 0 0 9.09 12.00 5.30 12.00 9.09 14.73 0.00 0.00 
ASHBURTONll0 TIMARU--'-110 1 3 45.10 1 0.00 1 15 0 0 9.09 12.00 5. ~,O 12.00 9.09 14.73 0.00 0.00 
ASHBURTONll0 TIMARU---ll0 2 3 11.50 1 0.00 1 21 () 0 9.09 12.00 5.30 12.00 9.09 14.73 0.00 O. \)0 
ASHBURTONll0 TI MARU---ll 0 3 3 18.80 1 0.00 1 21 0 0 9.09 12.00 5.30 12.00 9.09 14.73 0.00 0.00 
STUnHOLM-ll0 TIMARU---110 1 1 48.50 1 0.00 1 15 0 0 1.93 12.00 -1.93 12.00 1.93 14.73 0.00 0.00 
TEMUKA---ll0 TIMARU---ll0 1 1 18.20 1 0.00 1 21 0 0 9.09 12.00 5·.30 12.00 9.09 14.73 0.00 0.00 
BROMLEY--220 BROMLEY--220 BRO-TW[-TEMF' ISL-BI\O-TEMP 1 1 20.37 2 0.46 2 " d 0 0 5.15 12.50 4.80 18.00 4.72 23.50 0.00 0.00 
ISLINGTON220 ISLINGTON220 ISL-TWI-TEMF' ISL-BRO-TEMF' 1 1 7.58 2 0.46 2 5 0 0 5.15 12.50 4.80 18.00 4.72 23.50 0.00 0.00 
TABLE A3.4: Dunedin Di stri 
Busbar Names A B C D E F G H I J K L M N a p Q 
CI;:OMWELL -033 CROMWELL--03:3 FRANKTOi'!--033 FRANKTON-03~~ 1 1 .~O j 0.00 2 8 0 0 3.26 4.:\1 .40 3.0\) 1'i. () 1 0-.00 ,00 
I-IILLSIDE-066 MONOWAI--066 1 1 .50 1 0.00 1 17 0 0 1. 21 0.00 .83 1. 21 11. 50 0.00 .00 
MONOWAI--066 OHA I --- -- -06b 1 1 .80 1 0.00 1 27 0 0 1.74 0.00 .. 02 1.74 11.50 0.00 .on 
OI-lAI-----066 ORAWIA----066 1 1 tOO l. 0.00 1 17 0 0 1.74 0.00 .02 1. 74 11.50 0.00 .00 
OHAI------066 lJINTON---066 1 1 .60 1 0.00 1 27 0 0 1.76 (l.00 ~O2 1.71, 11.50 0.00 .00 
BALCLUTHA1J.O GUflE------110 1 1 .20 1 0.00 1 21 0 0 :3 f 8:) 0.00 .00 -3.83 12.00 0.00 .00 
fiALCLUTHA1.10 BERWICK--1l0 l. 1 .20 1 0.00 1 21 0 0 3.83 0.00 .00 -3.83 12.00 0.00 .00 
BEf;WICK--110 HALFWAYBU110 1 1 .60 1 0,00 1 21 0 0 3,83 0.00 ,00 -"Z·.83 12.00 O.Or;) .00 
BERWICK--110 WAIF'ORI--I10 1 1 .20 1 0.00 1 21 0 0 3.83 0.00 .00 -3.83 12.(1) 0.00 .00 
EDENDALE-110 GOf(E-----110 1. 1 .00 1 0.00 1 21 0 0 3.t:::3 0.00 .00 -3fB3 12.00 0.00 .00 
EDENDALE-ll0 IN','OF'EN---ll.() 1 1 .07 1 0.00 1 21 0 0 3.83 0.00 .00 -3.83 12.00 0.00 .Of) 
GLENA'J'{--110 OAMARU---1.10 1. 1 .90 1 0.00 1 15 0 0 1. .92 1.92 .00 1,92 14.73 0.00 .00 
GLENA'.'Y--ll0 OAMARU-:---110 1 1 t30 1 0.00 1. 21 0 0 3.83 0.00 .00 -:>'83 12.00 O.O() .()() 
GLENAV'(--110 STUDHOLM-l.l0 1 1 .70 1 0.00 1 15 0 0 1..93 -).93 .00 1.93 14.73 0.00 .00 
GLENA'JY---l10 TIMAF:U----l10 1 1 .00 1 0.00 1 21 0 0 1.9:1 -1. 93 .00 1.93 14.73 0.00 .00 
GLENAVY--110 GLENA'J'{--110 WAITAKI 110 WAITM;I --11 0 1 1 80 1_ 0.00 2 8- 0 0 3t03 3.94 .33 3.02. 18.66 0.00 .00 
GORE------l10 ROXBURGH-110 1 1 1 0.00 1 8 0 0 3.83 0.00 .00 -3.83 12.00 0.00 .00 
HALFWAYBU110 OHMARU---ll 0 1 1. 1 0.00 1 8 0 0 3.83 0.00 .00 -3.83 12.00 0.00 .00 
HALFWAYBU110 F'ALMEF:STN110 1 1. 1 0.00 1 8 0 0 3.83 0.00 .00 -3.8:1 12.00 0.00 .00 
HALFWAYBU110 HALFWAYBUl1.0 ROXBURGH-110 F\OXBUF~GH-l1 0 1 1 1 0.00 2 8 0 0 2.88 3.94 • ,J..J 2.88 21.1.0 0.00 .00 
INVERCARG110 WINTON---ll.O 1 1. 1 0.00 1 8 0 0 3.7<J 0.00 .()O -3.n 12.00 0.00 .00 
F'ALMERBTN 11 0 OAMARU---110 1 1 1 0.00 1 21 0 0 3.83 0.00 .00 .. -3.83 12.00 0.00 .00 
AVIEMORE-220 A'JIEMORE-220 BEHMORE--220 BENMOPE--220 1 1 1 0.00 2 6 2 29 3.56 3.56 .17 3. 5,~ 25.80 1.20 .20 
AVIEMORE-220 LI I.JINGSTN220 1 1 1 0.00 1 t- o 0 7.58 0.00 1'50 -7,58 12.50 0,00 .00 
BENMORE--220 OHAO-B---220 1 1 2 0.3.S 1 6 2 29 6.97 0.00 .50 -6.97 12.5.0 4.47 .1, :5 
BENMORE--220 OHAU-C---220 1. 1 " O.3b 1 6 2 29 6.97 0.00 .50 -6.97 12.50 ~ .47 .65 
l'ENMORE--220 TWIZEL----220 1 1 ~ 0.36 1 {] " 29 6.'17 (),OO .50 -6.9} 12 .50 4.47 • .6:5 HALFWAYBU220 DUN-ROX-TEMP rxOXBURGI-I-220 fWXBl)fWI-l-220 1 1 1 2 0.46 ') 0 0 5.10 6.60 .00 4.60 23.50 0.00 .00 2 -' I-IALFWAYBU220 DUN-ROX-TEI1P SOUTHDUN-220 SOUTHDUN-220 1 2 1 0.00 5 1 36 5.00 4.70 .20 4.60 23 .90 0.00 t ~j() 
HALFldAYBU220 DUN-!(oX--TEMP SOOTHDUN-220 SUUTHDUN-220 2 2 1 0.00 2 5 1 36 3.78 3.78 .00 3.78 23.50 0.00 .00 
HALFwAYBU220 HI'LFWAYBU220 MAKAF;EWA-220 MA'<:f~REWA""220 1 1 2 o \, 4~J 2 6 1 32 4.80 _6.34 .00 4.42 21.50 0.00 .00 
IN'-)ERCARG220 INVERCARG220 MANAPOURI220 MANAPOUR1220 1 1 2 0.46 2 6 1 32 1\,80 6.33 .99 4,42 23.50 0.00 .94 
I NtJE RCAPG220 FWXBUPGH-220 1 1 1 0.00 1 5 2 31 6.4} 0.00 .50 -6.47 j 2. 50 4.61 • '11 
I N'JERCARG220 ROXBURGH-220 1 1 1 0.00 1. r- 0 0 7.20 0.00 .50 -7.20 12.50 0.00 .00 c· 
Ir<'}EF;CAPG220 IN')ERCARG220 r'I Wi'll -----220 TIWAI-----220 1 1 2 0.46 2 6 2 36 4.77 6.2<] • ~?~j 4.41 23.41 1.52 • ~!b 
U,LINGTON220 LIVINGSTN220 1 3 2 0.46 1 6 0 _0 7.62 0.00 .:',0 -7.62 12.50 0.00 .00 
ISLINGTON220 L I') INGS TN220 2 3 1. 0.00 1 6 0 0 7.62 0.00 .50 -7.62 12.50 O. ,)0 .Oi) 
...... ISLINGTON220 LIVINGSTN220 '3 :~ 1 0.00 1 t- o 0 7.62 0.00 .50 -7.62 12.50 0,00 .O() <.D 
ISLINGTON220 T EK AF'O - El"- 2 20. 1 1 .50 2 0.36 1 6 2 29 6.97 0.00 .50 -6.97 12.50 4.47 .6::1 w 
ISL-TWI-TEMF' BRO-TW I - TEMF' TWIZEL---220 TWIZEL---220 1 1 .84 2 0.46 2 :::' 0 0 5.15 4.eo .00 4t72 23.50 0.00 .00 
LH'It~GSTN220 Nf';JSEBY---220 1 1 ~20 1 0.00 6 0 0 }~58 0.00 ~ ~j {) ·-7. SB 12.50 0.00 .()O 
MA t<; AR E W,,--22 0 MAKAHEWA-220 TIWAI----220 TIWAI-------220 1 1 .20 .., ci.45 2 6 1 32 ~.80 6.34 .00 4.42 23.50 0.00 .00 ~;. 
MAKAF:EloJA-220 MAKAREWA-220 MA"APOURI220 MANAF'OUPI220 1 1 • ~ 0 '1 0.45 -.., 6 1 32 4.80 6.34 .00 4.42 23.50 O.Ot) .00 
NASEBY---220 fWXBURGI-I-220 1 1 .10 1" 0.00 1 6 0 0 7.58 0.00 • :10 -~l.~lB 12.50 0.00 .00 
l1HAU-A---220 OHAU-f';J---220 TWIZEL---220 TWI ZEL-· --220 1 1 .93 1 0.00 2 ~ 0 0 5.10 6.60 .00 4.60 2~~,50 0.00 .00 -J 
OHAU-B---22-0 TWIZEL-:--220 1 1 .80 2 0.46 1 ~ 0 0 ~I ~ 40 7.25 • S'O ;:1.00 25.30 0.00 .00 d 
OHAU--C---220 TWIZEL---220 1 1 .20 2 0.4" 1 5 0 0 5.40 ~7 ~1 t::: .90 ~j. 00 2:j.30 0.00 .00 , t..:.;.,.J 
R(lXBURGH-220 ROXBURGH-220 CROMWELL1220 CROMWELL2220 1 1 .02 1 0.00 2 5 0 0 -Leo 6.33 .99 4.42 :12. • 48 0.00 • i) () 
CF:OMWELL 1220 CROMWELL2220 TWIZEL---220 TW I ZEL----220 1 1 .60 1 0.00 2 ~ 0 0 4.S0 6.33 • ;"1 4.42 -);3.48 0.00 .00 ,0 
TH;AF'O- B-220 TWIZEL---220 1 1 .80 2 0.36 1 6 2 29 6.97 0.00 .50 -6.97 12.50 4.47 .65 
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ZERO SEQUENCE HARMONIC CURRENT GENERATION IN TRANSMISSION 
LINES CONNECTED TO LARGE CONVERTOR PLANT 
J. Arrillaga, Non Member 
University of Canterbury, 
Christchurch, New Zealand 
T.J. Densem, Student Member B.J. Harker, Non Member 
Abstract Although the bridge-type convertor 
produces only positive and negative sequence harmonic 
currents, the coupling between- sequence networks 
resulting from ac transmission asymmetries can cause 
considerable zero sequence interference in nearby power 
or communications lines. This paper discusses the 
modelling of ac system and convertor plant components 
needed to assess the level of zero sequence harmonic 
current generation in transmission lines connected to 
large convertor plant. 
INTRODUCTION 
The decision as to whether line transpositions 
should be used in a particular transmission line is 
normally made purely in terms of power frequency volt-
age unbalance. However, owing to the high cost of 
transpositions the levels of asymmetry permitted are 
often high. While this policy may be acceptable in 
cases of lines loaded exclusively by conventional ac 
power plant, the effect of line asymmetry on the behav-
iour of convertor plant special consideration, 
both at fundamental and frequencies. 
In fundamental frequency ac/dc power flow the 
effect of line asymmetry can only be assessed by det-
ailed representation of the ac transmission network in 
the phase frame of reference, with mutual effects inc-
luded, as well as three-phase analysis of the convertor 
operation.[1][2J Even when the analysis is restricted 
to purely sinusoidal voltages the line and convertor 
voltage asymmetry is shown to produce phase currents of 
varying widths containing uncharacteristic harmonic 
frequencies for which filtering is not normally provi-
ded. 
Measurements of the harmonic currents at the rec-
tifier end of the New Zealand dc link have shown devia-
tions between phases of up to 56% (at 450 HZ) with an 
average deviation of 35%. The combined effect of the 
current unbalance and any system impedance unbalance is 
reflected in the phase voltages, which shown in 
Table I for the Benmore 220 kV busbar All harmon-
ic voltages are unbalanced with the most severe unbal-
ance occurring at the non-characteristic third and ninth 
harmonics. Although unbalanced, the current injections 
at the convertor itself consist of positive and 
negative sequence components as is no zero seq-
uence path for the convertor currents. 
On the other hand, the level of electromagnetic 
interference from power transmission lines is mainly 
determined by the zero sequence current components of 
the interfering source, which in the case of a bridge 
convertor loaded line must be entirely due asymmetric 
conditions on the ac system. 
While the line distance may not be sufficient to 
cause unacceptable fundamental frequency zero-sequence 
voltage unbalance, the 'electrical distance' at 
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Table I - Harmonic Measurements during Back-to-Babk 
Testing of the New Zealand de Link 
Harmonic 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
400 A dc (one third full load current) 
Phase-to-neutral voltages 
At Benmore 220 kV 
Red \ Yellow \ Blue 
phase (%) phase (%) phase ('il) 
100 100 100 
0.5 0.7 1.0 
2.9 0.3 1.0 
0.6 0.3 0.4 
0.25 0.15 0.25 
0.25 0.30 0.35 
0.15 0.15 0.1 
0 0.05 0.1 
0.05 0.05 0.15 
0.05 0.05 0.05 
0.1 0.15 0.1 
0.15 0.05 0.15 
0.05 0.05 0.05 
0.05 0.05 0.05 
0.15 0 0.2 
0 0.1 0.15 
0.3 0.3 0.3 
0 0.05 0.1 
0.3 0.3 0.7 
harmonic frequencies will increase proportionally to 
their orders. Consequently the line asymmetry is 
expected to have a greater effect at harmonic frequenc-
ies. 
The results of tests carried out in an out-of-
service 220 kV transmission line (between Islington and 
Kikiwa in the New Zealand system) are shown in Table II. 
The induced harmonic voltages were caused by electro-
magnetic coupling with a parallel transmission line 
which was in service at the time of measurement; this 
line is over one hundred kID away from the nearest con-
vertor station. The zero sequence harmonic currents in 
the in-service line are also listed in Table II. 
These currents and voltages were measured using 
existing station current transformers, which are con-
sidered reasonably accurate at the frequencies measured 
(i.e. within 1.5%), and a Selective Audio Frequency 
Power Analyser [4J. The Phase to Phase voltages were 
very small indicating that the induced voltages were of 
zero sequence. 
Table II - Measurements of Induced Voltages in Parallel 
Transmission Line 
Zero Sequence Induced Voltages (Volts) 
Harmonic Current (Out_of_Service) 
Order (In.Service Line) 
(Amps) VR VY VB 
1 2.186 170 165 170 
3 0.45 9 9 9 
5 0.106 38 38 38 
7 0.186 9 9 9 
9 0.30 10 10 10 
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In the following sections this paper describes a 
mathematical model for the assessment of harmonic pene-
tration along transmission lines and its application to 
the determination of the zero sequence harmonic currents 
developed along transmission lines as a result of posi-
tive or negative sequence current injection from large 
static convertors. 
The convertor bridge produces varying degrees of 
harmonic currents and can be represented as a source of 
positive and negative sequence harmonic currents. 
Although the convertor cannot generate zero sequence 
currents, any asymmetries in the ac system parameters 
will give rise to interaction between the sequence net-
works. Therefore in harmonic penetration studies the 
ac plant components at the convertor terminals must be 
modelled in detail as part of the ac system. 
Convertor Transformers 
The transformer models developed at fundamental 
frequency can also be used in harmonic studies, except 
for the values of damping resistance and leakage reac-
tance. 
In general a two-winding three-phase transformer 
has a primitive, or unconnected, network consisting of 
six coupled coils and is thus modelled as a six by six 
admittance matrix. Considering the reciprocal nature 
of the mutual COUPlings, the complete model requires 
twenty one short-circuit tests. If the ~agnetic asym-
metry is ignored only two tests are required, i.e. a 
positive-sequence and a zero-sequence short-circuit 
test,.. 
The transformer nodal admittance matrix is in each 
case derived from the primitive admittance by the ex-
pression 
[CJ 
where ,the connection matrix, is derived from con-
sideration of the actual transf0rwer connections. 
Of the two common convertor transformer connections 
only the star-g/delta provides a path for any zero 
sequence currents developed in the ac system. The node 
admittance matrix for this transformer connection (on 
the assumption of single phase units) is 
Y
t3 
- -3-
which is sufficiently general to investigate the effect 
of small asymm~tries in the single-phase transformer 
units due either to leakage admittances (YJ or off-
nominal taps (a). If the three single phase units are 
perfectly symmetrical the equivalent circuit for the 
star-g/delta connection (unity taF ratio) is as shown 
in Fig. 1. 
A 
P RI MARY. SECONDARY. 
2 
Fig. 1. Equivalent circuit for symmetrical star-g/delta 
transformer (unity tap ratio) 
At harmonic frequencies it is recommended that the 
leakage inductance component of the admittance matrix 
is paralleled by a resistance. A recent CIGRE Working 
Group [5J has suggested the following range to match 
experimental results: 
13< 
.where Rp is the parallel resistance in ohms 
SN is the power rating 
and UN is the voltage rating 
The resistance variation with frequency, shown in Fig. 
2, increases significantly with frequency while the in-
ductance decreases only slightly with frequency. 
Convertor Filters 
The ac filter branches contribute to the shunt 
admittance of the convertor busbar to which they are 
connected. f.loreover they are often the cause of para-
llel resonances at non characteristic convertor harmon-
ic frequencies and therefore must be represented in 
detail. 
Typical equivalent circuits/for each phase/of 
single-tuned and high-pass filters are illustrated in 
Fig. 3. 
TRANSMISSION LINE MODELS AT HARMONIC FREQUENCIES 
Nominal IT models are of general use in fundamental 
frequency studies to represent single phase transmission 
R(pU) 
0.4 
0.3 
0.2 
0.1 
0 
1 5 9 13 17 21 25 
Order of Harmonic 
Fig. 2. Frequency dependence of transformer model 
Fig. 3. HVDC shunt filter types 
lines. 
For a given transmission distance the number of TI 
sections to be used will depend on the level of accuracy 
required at the line terminals: e.g. a three-section 
model provides 1.2% accuracy for a quarter wave-length 
line. 
As the frequency increases the number of Nominal TI 
sections to maintain a particular accuracy increases 
proportionally; e.g. a 300 kID long line requires 30 
nominal TI sections to maintain the above accuracy for 
the ~0th harmonic. 
The computational effort can be greatly reduced 
and the accuracy improved with the use of an Equivalent 
TI model derived from the solution of the second order 
linear differential equations describing wave propaga-
tion along transmissicn lines such a model, illus-
trated in Fig. 4, is obtained from the Nominal TI model 
by using two correction factors, i.e. 
for the series impedance 
==:..:.:.:..:...:.;'---''--'-''- for the shunt admittance 
where Z, and Y' are the series impedance and shunt ad-
mittance per kID respectively. 
In the case of multiconductor transmission lines 
the Nominal TI series impedance and shunt admittance 
matrices per kID, J and [y'J respectively are square, 
their size being fixed by the number of mutually coupled 
conductors. 
The formulation used in the derivation of the 
series and shunt matrix elements [7J[8J is described 
in Appendix (i). 
The derivation of the Equivalent TI model from the 
Nominal TI matrices involves the evaluation of hyperbolic 
functions of a matrix. For such evaluation the matrix 
must be diagonal. 
Fig. 4. The equivalent PI model 
3 
However the matrix involved: 
is not diagonal and therefore a transformation is 
required. The use of eigenvalue analysis results in 
the following expressions for the Equivalent TI Model 
[9J: 
[zJ = x[Z 'J[MJ [Sinh (y x) 1 [MTl 
EPM(y x) ] 
where x is the transmission line length 
[zJEPM is the Equivalent TI series impedance matrix 
[MJ is the matrix of normalized eigenvectors 
[
Sinh (1 x)l = 
(y x) J 
sinh (ylx) 
(ylx) 
0 
0 
0 
sinh (y 2x) 
(Y2x ) 
0 
andy. is the jth eigenvalue 
J 
I 0 
0 
sinh(Y3x) 
(Y3x) 
Similarly 
where [yJEPM is the Equivalent TI shunt admittance 
matrix. 
A clear illustration of the relative accuracies 
achieved by the Equivalent and Nominal TI equivalent 
circuits is displayed in Fig. 5. The figure shows the 
per unit positive sequence voltages of a 230 km 220 kV 
line (for parameter information refer to Appendix '(iii) • 
The line, When open-circuited, has a half-wavelength 
frequency close to 650 HZ; the standing wave effect at 
this frequency clearly shows the different accuracies 
provided by the two models, with the voltage magnitUdes 
approaching those of the Equivalent TI model as the Nom-
inal TI model increases from 10 to 20 sections. 
The difference is larger than expected because of 
the accumulation of round-off error over a number of 
sections and the sensitivity of the physical system near 
resonance. 
The derivation of correction factors for conversion 
from Nominal TI to Equivalent TI and their incorporation 
into the series impedance and shunt admittance matrices 
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Fig. 5. Comparison of Equivalent and Nominal 'TI' models 
A - 10 Nominal 'TI' Sections 
B - 20 Nominal 'TI' Sections 
C - Equivalent 'TI' 
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& PRINT WARNING AND FORM [MJ. 1 ACCURACY 
MESSAGES CALCULATE [MT (ERROR) 
(CEIGVC) 
Fig. 6. Structure diagram 
is carried out as indicated in the structure diagram of 
Fig. 6. The LRs algorithm of Wilkinson and Reinsch [lOJ 
is used with due regard for accurate calculations in the 
derivation of the eigenvalues and eigenvectors,. 
Earth Resistivity and Skin Effects 
Although the value of earth resistivity remains a 
source of considerable conjecture, the phase voltage 
magnitudes are not sensitive to changes in this para-
meter under normal steady state loading conditions. 
The formulation of the skin effect, as derived by 
Chipman [llJ has been included in the programme and the 
effect of its incorporation in the model of the test 
line (Appendix (iii» is illustrated in Fig. 7. Due to 
the relatively small value of the series resistance, 
the skin effect is insignificant at non-resonant frequ-
encies. At frequencies close to resonance, however, 
the real and imaginary components of the line parameters 
are of the same order of magnitude and modelling skin 
effect is important. 
The presence of mutual coupling between phases 
affects the resonant peak levels and each phase has a 
different resonant frequency. In Fig. 7. the ratio of 
the open circuit voltages without and with skin effect 
representation at 650 Hz is 1.1 on phase 3. This ratio 
appears to be significantly lower than the skin effect 
ratio of 1.83 predicted by consideration of the conduc-
tor resistance alone. The reason is that the resonant 
frequency of the line and phase under investigation is 
closer to 637 Hz. By altering the line length from 230 
to 225 km the resonant frequency for phase 3 gets closer 
to 650 Hz and comparative results, illustrated in Fig. 
8, show the different effect of phases 1 (ratio 1.63) 
and 3 (ratio 1.80). 
APPLICATION OF THE COMPUTER MODEL 
Zero Sequence Harmonic CUrrents Generated in Transmis-
sion Lines 
The Islington-Kikiwa line of the New Zealand sys-
tem, described in Appendix (iii) , has been used to test 
the computer model described in previous sections. 
A three-dimensional graphic representation has 
been developed to provide simultaneous information of 
the harmonic levels along the line; at each frequency 
one per unit current of positive sequence (up to the 
25th harmonic) is injected at the Islington end of the 
line. 
Figs. 9 and 10 illustrate the effect of two extreme 
cases of line termination (at Kikiwa), i.e. -with the 
line open-circuited and short-circuited respectively. 
The differences in positive sequence current harmonic 
magnitudes along the line are remarkable; these are due 
to standing wave effects and shifting of the resonant 
frequencies caused by the line termination. 
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Skin effect on different phases of open-ended 
line 
Phase 1 Phase 3 
A - with-skI~-~ffect C - with-skI~-~ffect 
B - without skin effect D - without skin effect 
However it is the zero sequence, rather than the 
positive sequence penetration, that provides relevant 
information for the assessment of possible harmonic 
interference in neighbouring telephone systems at 
various locations. 
The zero sequence harmonic currents produced by 
the coupling of sequence networks along the line are 
illustrated in Figs. 11 and 12; these are produced by 
the same positive sequence current injections (i.e. one 
p.u.) as in Figs. 9 and 10. 
The locations of maximum zero sequence current 
appear to coincide with those of the positive sequence, 
and the highest level produced in the test line, about 
10% of the injected positive current, occurs at the 
19th harmonic at the far end of the short-circuited 
line. 
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Fig. 11. Zero sequence currents along the open-ended 
line 
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Fig. 12. Zero sequence currents along the short-
circuited line 
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Zero Sequence Harmonics in Transmission Lines Connected 
to Static Convertors 
As indicated earlier the presence of zero sequence 
in a transmission line connected to a convertor bridge 
is entirely due to asymmetries in ,either the convertor 
ac plant components or the transmission line itself. 
The results in this section illustrate the 
generation of zero sequence currents along the test 
line when the line is connected to a convertor station 
which includes a star-delta convertor transformer and 
harmonic filters. The transformer and filter models 
of Figures 1 and 3 are used together with the trans-
5 
mission line and the one per unit sequence 
harmonic current is now injected by the convertor 
bridge into the secondary (valve side) of the 
transformer. 
In the absence of filters, the zero-sequence harm-
onic current distribution along the transmission line 
is illustrated in Fig. 13. 
The effect the convertor transformer can be 
assessed by the results of Figures 11 and 13. 
The transformer has little effect on the positive and 
zero sequence harmonic voltages,produced by the positive 
sequence current injection. However, the provision of 
a low impedance zero sequence path, due to the trans-
former delta connection, increases substantially the 
generation of zero sequence harmonic current. This is 
illustrated by the larger content of 13th harmonic 
current in Fig. 13. 
In practical convertor installations the filters 
reduce the harmonic current injection into the system 
considerably. The smaller current injections thus 
produce considerably less zero sequence in the ac 
system. This can be observed in Fig. 14, where filters 
for the characteristic harmonics have been connected to 
the Islington bus. The levels are particularly low at 
5th, 7th, 11th, 13th and above the 17th harmonic, cor-
responding to the filter design frequencies. 
By adjusting the terminating impedance at the Kik-
iwa end of the line it is possible to excite a parallel 
resonance at a low frequency between the line (induc-
tive) and the filters (capacitive). In the test case 
this effect can only be shown at second harmonic (Fig. 
15) • 
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Fig. 13. Zero sequence currents, open-ended line fed 
from convertor transformer 
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Fig. 14. Zero sequence currents in the presence of 
convertor transformer and filters 
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Fig. 15. Zero sequence currents with parallel resonance 
at 2nd harmonic between line and filters 
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Fig. 16. Zero sequence currents, open-ended line and 
one filter phase disconnected 
Finally, Fig. 16 illustrates the effect of a large 
unbalance, e.g. an open circuited phase in the filter 
bank. The pronounced coupling between sequence net-
works, in this case, gives rise to considerable levels 
of zero sequence harmonic currents, with the highest 
level occurring at the 14~h harmonic. 
CONCLUSIONS 
A computer model has been developed to investigate 
the coupling between the positive and zero sequence 
circuits of asymmetrical transmission lines and the 
generation of zero sequence currents from convertor-
inj ected harmonic c'urrents. 
Depending on line distance and standing wave 
effects the levels of Zero sequence harmonic currents 
generated need to be given detailed consideration to 
calculate interference levels at various 'locations 
along the line. 
Considering the difficulty and cost of harmonic 
monitoring at intermediate locations, this programme 
can be of assistance in the determination of interfering 
harmonic levels at different locations when telephone 
systems are being considered. It has been shown that 
skin effect has considerable influence in the harmonic 
levels under resonant conditions. 
Particular importance has been given to the presen-
tation of results in a three-dimensional graphical form 
to obtain the'necessary information simultaneously. 
Although the discussion has been confined to single 
circuit lines, the model has provision for multiple cir-
cuits, multiple sections and any system configuration. 
The difficulties and uncertainty associated with 
harmonic investigations should not be underestimated 1 in 
particular the lack of reliable three phase system data 
at harmonic frequencies and the inaccurate assessment 
of three-phase harmonic injections. 
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APPENDICES 
(i) Formulation of Line Parameters 
Series elements: 
The total series inductance of a single phase 
circuit is: 
where 
M 
Ll 
L2 
M 
d 
).10 
-£n 2TI 
self 
self 
).10 1 
-£n 2TI GMR 
1 
d 
inductance 
inductance 
of conductor 1 
of conductor 2 
mutual inductance between conductors 
distance between conductor centres 
).10 = permeability of free space 
1 and 2 
GMR = effective geometric mean distance or the 
radius of an infinitely thin tube that gives the same 
inductance as the two terms of the self inductance. 
'The self impedance per kilometer of conductor a 
with earth return (Zaa), and the mutual impedance per 
kilometer' between conductors a and b (Zab) are expres-
sed [12J: 
ZI R' + R' + j(X' + X') 
aa a g aa g 
Z I R I + j (X I + X I ) 
ab g ab g 
Rd = ac resistance of conductor a 
X' self reactance of conductor a 
aa 
mutual reactance between conductors a and b X,ili 
R' X' ='Carson's earth ~eturn corrections [13J 
g' g 
The effect of earth resistivity on the self reactance 
X' at 50 Hz can be assessed from the approximate 
aa 
expression: 
X~a = .00289 flog 
Shunt Elements: 
--------------
The following approximate relationships can be 
written for the potential coefficients: 
vlhere 
p' 
aa 
p,ili 
H 
R 
dab 
Dab 
(ii) 
p' 
ab 
)!,n 
)!,n 
R km/F 
km/F 
potential coefficient of conductor a 
potential coefficient between conductors a and b 
average height of the conductor above ground in m 
conductor radius 
distance between conductors a and b in m 
distance between conductor a and the image of 
conductor b in m 
permeativity of free space 
of skin effect relationships is as 
J (r) (r) 
z 
where Jz(r) is the current density and Ez(r) is the 
electric field intensity at radius r. Using Faraday's 
law: 
where B is the magnetic flux density, and solving 
gives 
1 
+ -
r 
o 
The solution for (r) is: 
J (r) = 
z 
where J and 
o 
second kinds 
tions can be 
ber(x) 
Hence 
bei(x) 
ker(x) 
kei (x) 
J (r) 
z 
Yare Bessel functions of the first and 
o 
respectively, of order zero. These func-
broken into real and imaginary parts: 
REAL (A x)] 
(Ax)] 
REAL x)] 
IMAGINARY [Y (A x)] 
o 
Al (ber r) + jbei(~ r» + 
(ker (~r) + jkei (~r» 
If the internal impedance Z is 
7 
J (r) 
z 
Z(r) = 01 (r) 
z 
and from l1axwell's equations 
and Ampere's Law 
gives 
I (r) 
z 
R = REAL (~~--="~-'r--) 2TIa 
where a is the outside radius of the conductor. 
Using the computer realizable relationships 
and assuming that the ACSR cable can be approximated to 
tubes that just enclose the aluminium strands, gives: 
R rna (KN-ML) 
Rdc 2 2 2 M +N 
N J + bei' rna 
L H + bei ma 
M I + bei' rna 
K G + ber rna 
J F ker' rna + E kei' rna 
I E ker' rna - F kei' rna 
H F ker rna + kei rna 
G E ker rna 
- F kei rna 
F 
(ker' rnq) + (kei' mq) 
E (ber' mq) (ker' mg) + (bei' rnq) (kei' mq) 
V8TI2f 
(ker' mq)2 + (kei' mq) 2 
rn p 
t a-q 
t is the thickness and q the inside radius of the con-
ductor. 
(iii) 
All the results discussed in the paper relate to 
the 220 kV line of flat configuration between Islington 
and Kikiwa (of the New Zealand system). The main 
parameters of this line are as follows: 
7.58 rn 7.58 m 
12.5 m 
'T777TTTlTT III I II II/I! / 7 7 I / 
Conductor type Zebra (54/3.18 + 7/3.18) 
Length = 230 km 
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Abstract Three phase modelling of an a.c. 
transmission system is presented for harmonic penetrat-
ion studies. Circuit coupling and impedance unbalance 
are incorporated in a simulation 'programme which models 
an 86 bus equivalent of the New Zealand South Island 
system. A comparison of measured and simulated results 
at 'the current injection busbar is used to select 
system component models; then results of impedances and 
sequence voltages are presented for selected busbars 
when the system is subjected to current unbalance and 
circuit configuration changes. 
INTRODUCTION 
The use of impedances and sequence voltages at 
harmonic frequencies are convenient methods of present-
ing the complexity of an electric power system network 
in a simple form. Given this information the engineer 
can design for the inclusion of filters or observe the 
effect of the addition of harmonic 'sources such as high 
power d.c. convertors, in the form of industrial loads 
or HVDC-transmission schemes. A knowledge can also be 
gained of the system harmonic response under varying 
daily load curves as well as normal daily circuit 
switching due to maintenance or faults. 
Harmonic impedances, calculated from the measured 
values of voltage and current of practical tests, only 
represent the system at the time of the test and assume 
a single source of harmonic current. 
Harmonic network modelling on the other hand, 
uses known system components such as transmission 
lines, generators, loads anp transformers, along with 
the interconnections and couplings of each component, 
with which the total network can be mOdelled and the 
system impedances calculated. Modelling enables these 
impedances to be calculated for any point in the system. 
An impedance-frequency characteristic curve was 
obtained by Laurent [lJ using a reduced scale model of 
the French 225 kV system. It was possible to measure 
system node voltages and observe the effects of the 
inclusion of filters. Hingorani [2J used this curve to 
calculate an equivalent LRC circuit for which filter 
design studies at an HVDC terminal were undertaken. 
This type of equivalent circuit is similar to 
results obtained by practical measurement, in that the 
impedance-frequency curve represents a single snapshot 
of the system and therefore suffers the same restric-
tion of use. 
Digital computer network models at harmonic 
frequencies have been developed, which represent the 
system as individual elements connected in the manner 
of the physical network. Campbell [3J used balanced 
circuit parameters and loads, and reduced the trans-
mission system to a single phase equivalent represented 
by the positive sequence values. Network elements ,were 
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linear and passive, allowing analysis at individual 
harmonic frequencies. Breuer [4J compares a single 
phase positive sequence equivalent impedance of a bal-
anced three phase network with measured test data. 
There are frequencies where the comparison of these is 
poor. The balanced impedance model does not allow for 
presentation of unbalanced impedances as reported in 
the measured test data. A further paper [5J also 
covers the use of a single phase network model, evalua-
ted for characteristic harmonics. 
Harmonic penetration studies have also been 
undertaken for distribution systems [6,7J. In the 
former, low order balanced and unbalanced character-
istic harmonics are injected from a convertor load. 
Symmetrical component matrix analysis is used to obtain 
harmonic voltages at specific network buses. In the 
latter paper, multiphase analysis is applied where 
coupling exists between double circuits. Again, charac-
teristic harmonic responses, are analysed. The trans-
mission system is represented as a short circuit equiv-
alent at -the high side of the substation transformer. 
While 'representation of 'three phase unbalanced 
impedance networks in harmonic analysis has been 
reported; it has been confined to distribution networks 
and to the study of characteristic harmonics. Actual 
presentation of results and the significance of these, 
as compared to single phase harmonic modelling, has not 
been adequately conveyed. 
It is thus the subject of this paper to present 
the 3~ impedance characteristics and sequence voltages 
of an a.c.transmission system for any harmonic, and to 
discuss the effect of unbalanced current injection 
along with circuit configuration changes. 
THREE PHASE HARMONIC NETWORK MODELLING 
For the three phase networ~unbalanced self and 
mutual impedances of network elements can be modelled 
as well as circuit coupling. It is assumed that the 
a.c. system is linear and passive and therefore the 
principle of superposition may be applied to enable each 
harmonic to be considered independently. 
In a multibranch interconnected network, an admit-
tance matrix [YhJ is formed from the individual 
elements, for any particular harmonic frequency h. 
Harmonic currents are injected into the bu}t.nder con-
sideration and the voltages throughout the system are 
calculated from the solution of 
where for the three phase system, the ~lements of the 
admi ttance matrix are formed from 'the 3 x 3 matrix o'f 
self and transfer impedances. 
Using Gaussian elimination and back-substitution, 
advantage is taken of the symmetry and sparsity of the 
admittance matrix [8J. Row ordering techniques reduce 
the amount of off-diagonal element build-up during the 
trianguLation of [y J. It is possible to keep storage 
down to approximate~y ten times that of the single 
phase representation. 
The injected currents at most a.c. busbars will 
be zero, since the sources of the harmonics considered 
are generally from d.c. convertors. To calculate the 
impedances, it is necessary to form the admittance 
matrix with those buses at which harmonic current 
injection occurs, ordered last. The matrix is then 
triangulated using Gaussian ~lirnination, down to but 
(s) 1983 IEEE 
excluding the rows of the specified buses. 
ulting matrix equation is 
o 
o 
I. 
J 
o 
The res-
As a consequence, 
currents above 
The reduced 
••• I remain unchanged since the 
in th~ current vector are zero. 
matrix equation is 
~J Yjj ... YjN .~ YNj ... ,Y NN 
where the admittance matrix is of order equal to 3 
times the number of injectionbusbars. The elements 
are the self and transfer admittances of the reduced 
total system as viewed from the injection busbars. 
This reduced matrix is particularly useful for 
studies of interaction between two or more sources of 
harmonics and provides complete flexibility to consider-
ing unbalanced (both in magnitUde and phase) current 
injections. 
To compare measured and simulated a 
current injection busbar, it is necessary 
equivalent phase impedances, derived from the 3 x 3 
admittance matrix. If 11 1 p.u. 100 , I = 1 p.u. 
1_1200 and 1 p.u. /1200 , then the matrix equation 
~. Yll Y12 Y13 ~ I = Y2l V2 ; 2 i 13 Y3l Y32 V3 
can be solved for V l' V 2 and V 3' The equivalent phase 
impedances are then 
Finally, the impedances can be plotted in their 
cartesian co-ordinates over the range of frequencies of 
interest. This has previously been presented for 
single phase impedance-frequency data in refs. , 2, 
3, sJ. 
NETWORK ELEMENT MODELS 
Models of network elements have been developed 
which are useful for both single phase and three phase 
harmonic studies. Where relevant, coupling between 
circuits and impedance unbalance due to network config-
urations must be taken into account for the three phase 
analysis. However, there is disagreement as to which 
models are best for generators, loads and transformers 
[9J. As a consequence, the models used have been 
derived from a comparison of measured test results and 
those given by the three phase modelling. 
In general, the lumped parameter or nominal" 
approximation commonly used for fundamental frequency 
analysis, where most lines may be considered electric-
ally short, cannot be applied when higher harmonic 
2 
are being considered. Also, cascading 
"'s has computational, storage and accuracy 
problems for large systems. Instead, a mUlti-conductor 
equivalent" model [lOJ, which incorporates skin effect, 
using eigenvalue analysis and modal transformations, 
considerably reduces the above problems. 
Single tuned and high pass shunt filters are 
usually connected to the a.c. terminal busbars of high 
power d.c. convertor installations. These are repres-
erited as uncoupled LRC branches in three phase model-
ling, allowing for unbalanced which may be 
due to capacitor failure • 
Synchronous Generator Models 
In general, it may be assumed that the synchronous 
generators produce no harmonic currents and they may 
therefore be modelled simply by a shunt connected imp-
edance at their terminal busbar. The two generator 
models compared are [llJ 
A. 100% of the subtransient reactance with a power 
factor of 0.2. 
B. 80% of the subtransient reactance with a power 
factor of 0.2. 
Load Models 
By using the specified values of real and reactive 
power demand at SO and QSO' an impedance can be 
evaluated for each The load models consider-
ed are: 
A. 
and 
R = X PSO ' 
l'=k(~+ 
Z R 
n 
where k = 0.1 h + 0.9 
h is the harmonic number while V is the nominal voltage. 
This model is based on that of ref. [9J. 
B. R X 
PSO ' 
and ~ = ~ + 
'Z R 
n 
C. The load is represented by a reactance 
.with a resistance R, both connected in 
reactance X such that p 
R PSO 
X = 0.073 hR 
s 
hR/(6.7 PSO 
0.74) 
D. R = V
2 
PSO 
X 
V2 
QSO 
and 1 1 1 R + jX ·z 
n 
Transformer Modellin£{ 
in series 
with a 
Transformer models developed for fundamental 
frequency are also used in harmonic studies except for 
the values of damping resistance and leakage reactance. 
A primitive, six by six admittance matrix is formed for 
a two winding, 3~ transformer and the nodal admittance 
matrix derived from this [lOJ. 
The transformer models compared are: 
A. 
where XSO is the leakage reactance at 50 Hz [12J. 
B. 
where R' .1026 Kh XSO(J+hl [13J 
and J is the ratio of hysteresis to eddy current losses 
taken as 3 for silicon steels. 
k = 
C. As for B 
SO Hz values 
R and X are scaled to 80% of the 
D. 
where, 90 < < 110 
13 < SR ;V2 < 30 
P 
with S being the rated power of the transformer [9J. 
For this case, Rs 0.04 p.u. and R = 60 p.u. which 
corresponds to a 30 MVA rating. p 
E. As for D but with R 0.01 p.u. and R 
corresponding to a 100 AvA rating. p 
20 p.u., 
The main interconnections for the New Zealand 
South Island electric power transmission system below 
Bromley, are presented in Fig. 1. The results used for 
comparison in this paper refer to the test where at 
Tiwai, the site of a large aluminium smelter, 7 recti-
formers were in operation, however, harmonic filters 
were out of service.[14J At Benmore, the interisland 
HVDC link was connected to the system and filters at 
that site Were in service. This test gave maximum 
harmonic current injection at Tiwai, and hence maximum 
measurable voltage levels on the system. However, with 
~he HVDC connected at Benmore, another source of 
Larmonic current injection was present on the system. 
The impedances for the system, as measured at one 
Lnstant of time from the Tiwai 220 kV busbar, are 
?resented in Fig. 2 for characteristic harmonics. 
Using an 86 bus computer simulation model of the 
system, 3~ impedances were calculated and then compared 
to the measured values. 
It was observed that the calculated impedances 
were most sensitive to changes in the transmission 
system. In practice, the exact length of conductors is 
not known and it is usual to calculate approximate 
lengths from map profiles of a circuit. Thus it is 
possible that small line length errors may arise due to 
conductor sag and terrain unevenness. Additional to 
this, uncertainty in the spacing between circuits and 
different conductor configurations along the lines, add 
errors that are difficult to assess. While this is not 
significant at fundamental frequency, it is important 
at higher order harmonics. The combination of the 
3 
o 6S 130 
Manapouri 
Tiwai 
Fig. 1. New Zealand South Island 220 kV transmissior. 
system as used in the simulation studies. 
(Lower voltage interconnections not shown) . 
jX lJ\.) 
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31210 
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31Z11Zl 41Zl 51Zl1Z1 
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Fig. 2. Measured and simulated yellow phase character-
istic harmonic impedances for the South Island 
transmission syste~ as measured from Tiwai 220 
kV busbar. 
above ina~curacies required that the lines connected to 
Manapouri needed to be increased in length by 9 kID to 
give the correct resonant frequencies. 
Changing the other component models was seen to 
have the greatest effect on the magnitude and phase 
angles at the points of parallel resonance. Consequent-
ly, the measured values of Sth and 17th harmonic 
impedances have been compared to the simulated values 
for the generator, load and transformer models discussed 
and are presented in Table I. Using generator model A 
gave better magnitudes at the 5th harmonic, load model 
A gave closer magnitudes at the 17th harmonic, and 
transformer model A gave closest agreement with the 
17th harmonic impedance. 
The sensitivity of the results is however not 
high, as a number of similar results Were obtained. 
-There is no single model combination that is substanti-
ally better than the others. The models above are used 
as the basis for comparison of measured and simulated 
results for selected busbars throughout the South Island 
system, discussed in the next section. 
Table I. Measured and Simulated Values of Harmonic 
Impedances at Tiwai to Determine Generator, 
Load and Transformer Models (ohms). 
Trans- Gener- 5th 17th Case former Load ator harmonic harmonic Model Model Model 
R 138 - j 68 491 + j 95 
Measured Y 112 - j 73 422 + j179 
B 150 - jl09 489 + j1l7 
187 - jl04 479 + j145 
1 A A A 136 - j 66 425 + j122 
168 - j 75 348 + j182 
183 - j121 441 + j152 
2 A A B 132 - j 80 392 + j130 
164 - j 90 324 + j184 
193 - jl04 403 + j132 
3 A A C 145 - j 68 362 + j1l4 
173 - i 80 301 + j160 
189 - j1l4 438 + j143 
4 A A D 138 - j 75 389 + j122 
169 - j 85 323 + j176 
174 - j 89 411 + j 60 
5 B A A 130- j 55 369 + j 57 
153 - j 62 326 + j114 
192 - j 74 386 + jlOl 
6 C A A 144 - j 48 350 + j 91 
169 - j 45 300 + j136 
173 - j 86 484 + j147 
7 D A A 128 - j 54 429 
- j124 
151 - j 61 351 + j185 
184 - jlOO . 483 + j154 
8 E A A 135 - j 03 429 + j129 
165 - j 72 349 + j188 
234 - j 90 415 + j201 
9 A B A 164 - j 59 381 + j175 
203 - j 54 297 + j208 
228 - j 40 335 + j131 
10 C B A 168 - j 29 310 + j 121 
190 - j 13 259 + j148 
233 - j 50 322 + j125 
11 C B D 173 - j 36 298 + j1l5 
196 - j 21 250 + j145 
COMPARISON OF MEASURED TEST DATA AND SIMULATION RESULTS 
Harmonic measurements were made simultaneously at 
six sites in the system. Yellow phase was used at all 
sites except at Tiwai where all three phases were 
measured. In Table II these have been compared to 
values obtained by the 3~ harmonic simulation programme, 
which has component models as previously discussed, and 
with currents as for the tests at Tiwai. 
There is good agreement between the results for 
the 5th and 17th harmonics and the low mea,sured values 
of the 11th and 13th harmonic have been simulated. 
Values at busbars which are at substantial distances 
from the injection point, namely Benmore and Bromley, 
show acceptable agreement over all frequencies. 
Simulated results for Halfway Bush are low at the 
5th and 7th harmonics (1.34%, 0.39% compared with the 
measured values of 1.78% and 0.77%), and at Manapouri, 
there is a substantial difference between simulated and 
measpred results at the 5th and 7th harmonic. 
In general, it can be said that agreement between 
the si~ulated and measured results was acceptable for 
this case-of balanced characteristic harmonic currents. 
However, there are three possible areas of inaccuracy 
in the results. 
1. The presence of multiple harmonic sources - Tiwai 
and Benmore in this case. It is difficult to make 
accurate comparisons unless the current injections for 
all sources are known and can be modelled. 
2. Accuracy of transducers and measuring instruments. 
The non-linearity of transducers, particularly voltage 
transducers, has previously been recognized [9J. This 
is a possible Source of error at Manapouri and Halfway 
Bush where CVT's were used. 
3. Measurement of an insufficient number of parameters. 
The three phase nature of harmonics, dictates that 
accurate simulation and test comparisons require 12 
separate variables to be measured at each bus. For each 
phase, the magnitude of the current injections, the 
voltage, and the angles of both quantities to some 
reference, are required. In the tests referred to, only 
nine of these variables were recorded at Tiwai. 
Currents on each phase were assumed to be separated by 
1200 for the simulation studies. 
VERSATILITY OF 3~ HARMONIC MODELLING 
It has been established that a reasonable agree-
ment exists between measured test data and simulated 
data using 3~ modelling of the transmission system. In 
this sectio~different practical considerations are dis-
cussed which show the versatility of the 3~ modelling. 
Circuit Coupling and Impedance Unbalance 
It can be observed from Fig. 1 that many of the 
220 kV circuits in the S.I. transmission system share 
Common rights of way. A reduced portion of the 86 bus 
system is presented in Fig. 3. 
A feature of Fig. 3 is the inclusion of 120 km of 
2 double circuit towers coupled together from Manapouri. 
The geometry of each circuit is such that mutual imped-
ance unbalance exists between phases. Thus, to have a 
more realistic representation of the system, coupling 
between these circuits as well as impedance unbalance 
between phases was represented in the 3~ mOdelling. 
This is not possible in l~ modelling. In Fig. 4 the 
complete system impedance-frequency loci for the three 
phases of the S.I. system as seen from Tiwai is present-
ed, along with sequence voltages at selected busbars. 
The impedance plot clearly indicates the considerable 
unbalance which exists at various harmonic frequencies 
Table II. Comparisbn of Measured and Simulated Harmonic Voltages (percent of nominal phase to neutral Voltage) 
5th 
M S 
TlWAI R 1.96 2.51 
Y 1.83 2.34 
B 2.52 2.46 
INVERCARGILL 1. 76 2.05 
MANAPOURI 0.1 2.10 
BENMORE 0.29 0.49 
HALFWAY BUSH 1.78 1.34 
BROMLEY 0.42 0.95 
M - measured 
S - simulated 
7th 11th 
M S M S 
0.72 0.80 0.12 0.04 
0.71 1.09 0.05 0.05 
0.63 0.47 0.03 0.07 
0.50 0.84 0.07 0.03 
0.02 0.66 0.01 0.25 
0.13 0.07 0.06 0.00 
0.77 0.38 0.23 0.02 
0.23 0.17 0.13 0.00 
4 
13th 17th 19th 23rd 
M S M S M S M S 
0.18 0.10 1. 77 1. 76 0.23 0.16 0.31 0.27 
0.09 0.11 1.66 1.58 0.17 0.23 0.27 0.22 
0.08 0.19 1. 75 1.48 0.11 0.10 0.27 0.31 
0.00 0.01 0.69 0.59 0.10 0.17 0.35 0.34 
0.03 0.16 1.64 1.56 0.00 0.24 0.00 0.29 
0.07 0.00 0.09 0.12 0.00 0.11 0.04 0.26 
0.00 0.03 0.85 0.47 0.20 0.21 0.00 0.19 
0.08 0.00 0.24 0.11 0.00 0.09 0.08 0.08 
~ s 
f 
Fig. 3. South Island system close to Tiwai busbar 
showing circuit ,coupling with each 3 x ':3 matrix 
,jX (../\.) block represented. 
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Fig. 4. (b) Positive sequence voltages at selected bus-
bars for positive sequence current injection at 
Tiwai normalized to 1 p.u. 
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Fig. 4. (c) Negative sequence voltages for normalized 
positive sequence current injection at Tiwai. 
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Fig. 4. (d) Zero sequence voltages for normalized 
positive sequence current injection at Tiwai. 
and particularly at the resonant points, even though the 
system is reasonably balanced at fundamental frequency. 
The major source of harmonics which are trouble-
some in the a.C. system is the high power d.c. conver-
tor. The harmonic currents injected into the a.c. 
system by the convertor are, in general, unbalanced 
between phases; the unbalance being more extreme for the 
case of non-characteristic harmonic orders. Measure-
ments of the harmonic currents at the rectifier end of 
the N. Z. d. c. link have shown an a'yerage deviation bet-
ween phases of 35% [15J. Also, similar unbalances are 
reported at Tiwai in the tests [JAJ. only a 3f1 model, 
which includes coupling and impedance unbalance, can 
accurately assess the effect of current injection 
unbalance. 
unbalanced currents of 1 p.U. 100 , 0.65 p.u. 
1_1200 and 0.65 p.u. 11200 were injected into the 
system at the Tiwai b~The three dimensional diagrams 
of Fig. 5 show the positive, negative and zero sequence 
voltages for some of the busbars of Fig. 1. 
These should be compared to the balanced current 
injection case of Fig. 4(b)-4(d). With unbalanced 
current injection, the zero sequence resonant frequen-
cies do not correspond with those of the positive 
sequence. There is considerable 6th harmonic compared 
to the 5th harmonic of the positive sequence. 
Busbars-not at the injected bus voltage level, 
Roxburgh 1011, Manapouri 1014, Manapouri 2014 and Mana-
pouri 3014, have reduced voltage levels caused by the 
voltage drop through the respective transformers. Also, 
these busbars have no zero sequence voltage. The trans-
formers are STAR-G DELTA and act as a short circuit on 
the primary to any zero sequence current flow. 
System Configuration Change 
The addition or removal of transmission lines are 
the result of routine maintenance, protection operation 
under fault conditions, or future system development. 
The equivalent phase impedances for the 23rd harmonic 
are shown in Table III for a single line open circuited 
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Fig. 5. (a) Positive sequence voltages at selected bus-
bars for unbalanced current injection at Tiwai. 
ORDER OF HARMONIC 
Fig. 5. (b) Negative sequence voltages for unbalanced 
current injection at Tiwai. 
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Fig. 5. (c) Zero sequence voltages for unbalanced 
current injection at Tiwai. 
Table III. 23rd Harmonic Impedance Magnitudes at Tiwai 
for Single Circuit Outage (ohms). 
Measured Test Simulated 
Results Results 
R 96 96 Before line 86 79 Y 
outage 
B 88 92 
R 127 128 After line y 95 109 
outage B 107 121 
between Tiwai and Manapouri. This line remains coupled 
to the other circuits sharing the same right of way. 
While for this outage only a small change in bus volt-
ages was observed, when two lines are open circuited, a 
high 24th harmonic response is apparent as observed"in 
Fig. 6. The presence of 17th harmonic on the temporary 
6 
~ (p.u.) 
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Fig. 6. Positive sequence voltages at selected busbars 
with both lines from Tiwai to Manapouri open 
circuited. Current injection at Tiwai normal-
ized to 1 p.u. 
busbars of the open circuit lines is evidence of the 
coupling between circuits. 
CONCLUSIONS 
While a symmetric transmission system can be 
modelled by a 10 representation in harmonic penetration 
studies, it is necessary to expand to a 30 represent-
ation when unsymmetrical conditions such as circuit 
coupling and impedance unbalance are taken into account. 
Moreover, the 30 representation allows for analysis of 
unbalanced harmonic current injection, a condition which 
is most likely to be found in a practical system. 
It has been shown that by taking the unbalance 
into account, satisfactory comparisons between simulated 
and measured data can be achieved. It was observed that 
the sensitivity of simulated impedance results was most 
susceptible to the transmission lines connected to the 
harmonic current injection busbar and that models of 
generators, loads and transformers had less significant 
effects. Selection of the latter was achieved from a 
best fit between measured and simulated impedances for 
specific harmonics. 
The models were then used to provide sequence 
voltages at other system busbars, and impedances at the 
current injection busbar. These agreed well with 
measured data. 
In this way the simulation method can be seen to 
be complementary to test methods in that once a model 
has been established, it can be used to provide the 
above information for any point in the system; a'task 
very difficult to achieve by simultaneous measurement. 
The model also allows for easy investigation into the 
effects of system line changes due to daily operational 
considerations or future development strategies. 
Although not reported here, load changes have been 
modelled. However these appear to have little effect on 
system voltages and impedances. 
A facility of the 30 modelling is that impedances 
and voltages at any frequency can be obtained, not just 
those for characteristic harmonics. This allows for the 
study of non-harmonic ripple frequency overspill from 
one distribution system into another .via the transmis-
sion system, as a result of direct load management 
activities. Further, more than one source of harmonics 
can be included in the system as occurs in practice, 
and the interactions between these sources can be 
investigated. Both of these topics are areas qf ongoing 
research. 
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